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ABSTRACT
Trees in semiarid forests and woodlands of the western United States need soil moisture to transpire
and function. Juvenile trees are especially vulnerable during periods of low soil moisture as their
rooting zones are smaller and shallower than those of adult trees. This thesis focuses on two soil
moisture-driven aspects of semiarid forests that may be modified by climate change: seasonal soil
moisture patterns and juvenile tree survival.
In chapter 1, I investigated the influence of precipitation on soil moisture across seasons, eleva-
tions, soil layers, and periods of low and high precipitation. I developed time-varying definitions of
winter (snow accumulation), spring (moisture recharge), and summer (moisture deficit) that could
be applied broadly to sites across the southwestern United States. Higher elevation sites (> 2800
m) displayed similar patterns of greater winter precipitation, longer springs, and shorter summers
compared to lower elevation sites (< 2500 m). Across-season influence of soil moisture (e.g. an
earlier season’s similarity to subsequent seasons) was high when the first season experienced above-
or below-average precipitation and the next season experienced average precipitation, highlighting
an important connection through time initiated by wet or dry conditions. Soil moisture in the
summer season of moisture deficit relied entirely on precipitation events for recharge.
In chapter 2, I investigated the effect of a single season of moisture deficit on ponderosa pine ju-
venile survival and functioning. Juvenile ponderosa pine experimentally treated with small rainfall
events for a moderate dry period of 45 days experienced widespread loss of function and mortality
iii
regardless of microclimate and total rainfall. A single season of moisture deficit has the potential
to severely limit regeneration success in semiarid forests.
My research identifies broad similarities in precipitation-soil moisture relationships across the south-
western United States, the extent to which average moisture conditions are a barrier to semiarid
forest regeneration, and how these relationships between precipitation, soil moisture, and juve-
nile tree survival may be altered in a changing climate. Overall, my thesis highlights the climate
change-influenced conditions that may negatively impact semiarid forest persistence in the future.
iv
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Semiarid coniferous forests and pinyon pine-juniper woodlands in the western United States, ecosys-
tems dominated by coniferous trees, contribute considerably to ecosystem services throughout the
region by providing critical habitat and recreation opportunities (Hartsell et al., 2020; Rocca et al.,
2014). These ecosystems have experienced numerous disturbances over the last 60 years that, com-
bined with the potential added stress of global climate change, have called their future persistence
into question (Allen and Breshears, 1998; Kolb et al., 2013; Littell et al., 2009; Williams et al.,
2010). Past declines in these ecosystems have been associated with extended periods of low pre-
cipitation and low soil moisture, such as during drought events in the 1950s and early 2000s that
resulted in regional tree mortality (Allen and Breshears, 1998; Swetnam and Betancourt, 1998;
Williams et al., 2013). Additionally, there is evidence that the ideal climate envelopes between
adult and juvenile trees in these semiarid forests are diverging, indicating that forest persistence
is also threatened by the decreasing potential for juvenile trees to succeed previous generations of
adults. Bell et al. (2014a) found that adult conifers are able to endure higher mean annual tem-
peratures and lower winter precipitation compared to juveniles. Their climate envelopes suggest
that juvenile conifers will be much less likely to co-occur with adults across the entire Western
United States, suggesting eventual range contractions. However, there is considerable variation
involved in both regional mortality events and juvenile regeneration patterns. Regional forest and
woodland responses varied across the West during recent drought events, and in many cases could
not be attributed solely to decreased total precipitation (Breshears et al., 2005), as variation in
1
local factors including elevation, microclimate, and physical soil properties shaped the response
of soil moisture to precipitation inputs (Breshears et al., 2005; Koepke et al., 2010). Similarly,
microsite controls such as canopy shading, native soil biota, and low tree density (Keyes et al.,
2009; Remke et al., 2020; Kolb et al., 2020) as well as favorable climate years (Puhlick et al., 2012;
Savage et al., 1996) can promote juvenile survival despite the general tendency for only a few trees
to survive and sustain tree populations (Bailey and Covington, 2002; White, 1985). Such variation
in relationships between precipitation and soil moisture and in conditions that promote juvenile
survival complicates understanding of the future persistence of these ecosystems.
The effects of global climate change are expected to add to the variability in water dynamics al-
ready present in semiarid forests of the western US. Periods of both higher and lower precipitation
compared to historical norms are predicted to increase in number (Allan and Soden, 2008). Under-
neath this variation is a general trend of warmer and drier conditions as global temperatures rise,
evaporative demand increases, and winter snowpack decreases (Seager and Vecchi, 2010). These
changes to regional climate have the potential to promote tree stress in semiarid forests by limiting
the amount of soil moisture that adults and juveniles can access. To gain a better understanding
of how these changes in regional climate may affect semiarid forest and woodland systems, we need
a fuller picture of how precipitation and available soil moisture relate across the heterogeneous
Southwest with its varying seasonal precipitation norms and soil moisture input patterns.
To investigate the potential future of semiarid forests and woodlands of the southwestern US, I
looked at regional precipitation and soil moisture dynamics in different seasons, then scaled down
to investigate controls on juvenile tree survival during a single season – a moderate dry period with
small rainfall inputs. The goal of these studies was to investigate patterns of available soil moisture
2
in different seasons and how these patterns may portend to future available moisture conditions
and regeneration dynamics in these ecosystems given a changing climate. First, I examined the
relationship between precipitation and soil moisture and how it changed between seasons, as well
as elevations, soil layers, and wet and dry conditions at elevation and ecosystem gradients across
the Southwest. I also connected soil moisture conditions from early seasons to later seasons to gain
a better understanding of how soil moisture conditions earlier in the year affect the precipitation
and soil moisture relationship later in the year. I then investigated the effects of a single season of
relatively warm and dry conditions on survival of juvenile ponderosa pine. If moderate dry periods
in the southwestern US will indeed increase in length as predicted, it is critical to understand if and
how juvenile trees respond to soil moisture inputs from small rainfall events, which are sometimes
the only mode of soil moisture recharge during moderate dry periods in semiarid forests (Loik
et al., 2004; Koehn et al., 2021). The results of these two studies of seasonal soil moisture dynamics
sharpen our understanding of current moisture dynamics and how they change throughout a year




SEASONAL PRECIPITATION AND SOIL MOISTURE RELATIONSHIPS ACROSS FORESTS
AND WOODLANDS IN THE SOUTHWESTERN UNITED STATES
Chapter abstract: Precipitation [P: mm] controls forest and woodland dynamics in the southwest-
ern United States (SWUS) by altering soil moisture [θ: mm3 mm−3] availability, but the influence
of P on θ is complex, varying across space and time. We evaluated seasonal P and θ relationships at
shallow (0-20 cm) and intermediate (50 cm) soil depths for 9 semiarid forest and woodland sites (56
total years), which comprised 3 elevation gradients in the SWUS. We developed time-varying defi-
nitions of winter (snow accumulation), spring (moisture recharge), and summer (moisture deficit),
and determined how these sites exhibited similar P influence on θ across depths in the soil profile,
between seasons, and in seasons with above- and below-average P. Higher elevation sites (> 2800 m)
experienced greater winter P, longer springs, and shorter summers compared to lower elevation sites
(< 2500 m). Seasons with above- and below-average P reduced elevation-associated differences. θ
at 0-20 cm was generally decoupled from θ at 50 cm in seasons with average and below-average
P, imparted by differences in spring and summer rainfall versus winter snowfall. Notably, across-
season influence of θ (e.g. a season’s similarity to subsequent seasons) was high when the first
season experienced above- or below-average P, and the subsequent season experienced average P,
illustrating an important temporal connection initiated by wet and dry conditions. These results
illustrate similarities in P-θ relationships across widely differing ecosystems in the SWUS, and elu-
cidate how these relationships may be altered in a changing climate.
4
Carolyn R. Koehn was first author on this article published in Journal of Geophysical Research:
Biogeosciences. Contributing authors: C.R. Koehn, M.D. Petrie, J.B. Bradford, M.E. Litvak, S.
Strachan
Koehn, C.R., Petrie, M.D., Bradford, J.B., Litvak, M.E., and Strachan S. (in press). Seasonal
precipitation and soil moisture relationships across forests and woodlands in the southwestern
United States. Journal of Geophysical Research: Biogeosciences.
2.1 Introduction
In the southwestern United States (SWUS), coniferous forests and pinyon pine-juniper woodlands
are prevalent across a broad range of environmental conditions and contribute considerably to
ecosystem services throughout the region (Hartsell et al., 2020; Hurteau et al., 2014; Rocca et al.,
2014). These ecosystems have experienced numerous disturbance events from the late 1800s that,
when combined with the potential stresses of global climate change, makes their long-term persis-
tence questionable in much of this region (Allen and Breshears, 1998; Kolb et al., 2013; Littell et al.,
2009; Williams et al., 2010). Past declines in these ecosystems can be tied to widespread industrial
exploitation in the mid to late 1800s (Young and Budy, 1979) and more recently to extended pe-
riods of low precipitation [P: mm] and low soil moisture [θ: mm3 mm−3], such as during drought
events in the 1950s and early 2000s that resulted in regional tree mortality (Allen and Breshears,
1998; Swetnam and Betancourt, 1998; Williams et al., 2013). Yet, regional forest and woodland
responses were highly heterogeneous across the SWUS during these drought events, and in many
cases cannot be attributed solely to decreased total P (Breshears et al., 2005). Similar to other
semiarid ecosystems, the effects of P on θ in forests and woodlands of the SWUS are shaped by
variation in local factors including elevation, microclimate, and physical soil properties (Breshears
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et al., 2005; Koepke et al., 2010). This regional and local heterogeneity in P-θ relationships, as
well as historic disturbance and exploitation practices, complicates understanding of the ecological
consequences of variable P regimes across the SWUS.
Climate change is expected to increase variability in seasonal P and alter seasonal patterns of θ
availability (Allan and Soden, 2008; Bradford et al., 2020), which makes forecasting the conse-
quences of climate change for forests and woodlands in the SWUS tenuous. Seasonal periods of
both high and low P are predicted to become more frequent, and transitions between wet and dry
conditions are expected to become more prominent (Allan and Soden, 2008; Demaria et al., 2019;
Fischer and Knutti, 2016). Dry periods increase stress to trees by increasing the magnitude and
duration of θ deficit, and climate change is predicted to intensify dry periods through increasing P
variability, through temperature-driven increases in evapotranspiration and vapor pressure deficit,
and by decreasing spring snowpack (Cayan et al., 2010; Seager and Vecchi, 2010; Williams et al.,
2013). Thus, climate change is expected to intensify climate associated stressors that have already
had significant impacts to these ecosystems.
In contrast to the deleterious climate impacts to forest and woodland ecosystems initiated by dry
conditions, above-average P periods on the scale of multiple days to multiple years are beneficial for
coniferous trees, may help forest and woodland ecosystems recover from past disturbance events,
and may insulate them from subsequent dry periods (Brown and Wu, 2005; Swetnam and Betan-
court, 1998). Similar to dry periods, the positive impacts of high P and associated θ surplus are also
influenced by landscape heterogeneity (Dobrowski, 2011; Herrmann et al., 2016; Oldfather et al.,
2016). Thus, the interplay between the effects of beneficial wet periods and deleterious dry periods
varies by seasonal P patterns and landscape effects (Van Loon and Van Lanen, 2012; Van Loon
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et al., 2014), and understanding P-θ relationships across landscape diversity in the SWUS is a key
component of understanding the current and future dynamics of forest and woodland ecosystems.
Variability in P forcings complicates understanding of the effects of climate patterns on forest and
woodland ecosystems by imparting extreme variation in P totals that vary across both space and
time. Regionally, interannual variation in the North American monsoon system is a large source of
warm season precipitation in some areas of the SWUS, and is entirely absent from others (Adams
and Comrie, 1997). Variation in the North American monsoon is often tied to both summer and
winter P totals. Generally, winter P variability has greater effects on ecosystem θ dynamics in
locations with large differences in winter and summer P totals, such as the northern areas of the
SWUS that do not experience a strong summer monsoon (Van Loon et al., 2014). In more southerly
SWUS locations with stronger monsoon rainfall, moisture availability and deficit is strongly tied
to the occurrence of large rainfall events (Petrie et al., 2014; Van Loon and Van Lanen, 2012), and
summer P totals may be more ecologically important for forests and woodlands that are adapted
to respond to summer rainfall (Limousin et al., 2013). Moreover, variability in seasonal P totals
and P event characteristics can both enhance and reduce the effects of both positive high P and
deleterious low P in ways that are highly variable over multi-year time periods (Strachan, 2016;
Swetnam and Betancourt, 1998). By understanding how seasonal P totals influence θ across more
northerly and southerly SWUS locations, it may be possible to identify general patterns of P-θ
relationships, and reduce some of the uncertainty surrounding regional P variability.
At local scales, variation in landscape conditions – especially elevation – imparts a strong control
on P totals and θ availability. In the SWUS, elevation change is correlated to gradients in vegeta-
tion types and structure (Whittaker and Niering, 1965), air temperature (Anderson-Teixeira et al.,
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2011), snowpack magnitude and the timing of snowmelt (Hunsaker et al., 2012), and the magnitude
of large-scale spring and summer P forcings (Zlotin and Parmenter, 2008). Local variation in aspect
and elevation has been found to delay or advance snowmelt and dry season onset by up to four
weeks (Bales et al., 2011). Aspect, slope, and soil texture are factors that vary across elevation
gradients as well as between individual sites that affect P infiltration into soil (Blankinship et al.,
2014; Williams et al., 2009). Both regional P forcings and local P-θ interactions have great effects
on magnitude and timing of θ availability.
Together, the effects of regional and local variation in climate and landscape factors influence where
θ is stored in the soil profile. θ storage patterns in the soil profile are critically important for differ-
ent components of forest and woodland ecosystems. For instance, in lower-elevation pinyon-juniper
woodlands, pinyon pines are adapted to utilize θ at shallow soil depths (0-10 cm) that are more
readily recharged by small rainfall events, whereas junipers (Juniperus osteosperma) may require
events that penetrate to at least 20 cm (West et al., 2007). At higher elevations, θ at very shallow
soil depths (0-10 cm) is important for ponderosa pine germination, but juvenile survival is tied to
the ability of tree seedlings to access θ deeper in the soil profile (Petrie et al., 2017). Meanwhile,
mature ponderosa pines (60+ years old) can acquire water from soil depths that may be as great
as 1.5 m deep (Berndt and Gibbons, 1958) and primarily use deeper, winter-derived soil moisture
(Kerhoulas et al., 2013). Shallow θ (0 to 10 cm) can receive moisture inputs from modest precipi-
tation events, but may be rapidly evaporated (Newman et al., 1997). Conversely, deeper θ requires
large moisture inputs, often in the form of spring snowmelt or uncommonly large summer rainfall
events (Kerhoulas et al., 2013). A number of studies predict a future change to the P patterns that
partition θ between shallow and deeper soil layers (see Bradford et al. (2020), Seager and Vecchi
(2010), and Cayan et al. (2010) for examples). As a result, not only are regional climate patterns
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and local landscape patterns important for understanding the importance of P-θ relationships in
forest and woodland ecosystems of the SWUS, it is important to know how these components shape
the patterns of belowground θ that control the dynamics of these ecosystems.
Wide variation in climate and landscape conditions complicates biophysical understanding of forests
and woodlands of the SWUS, yet there is opportunity to reduce this uncertainty by identifying sim-
ilarities and differences in P-θ relationships that can be used to anticipate the ecological importance
of P variability for these ecosystems. In this study we determined similarities and differences in
seasonal P-θ relationships for 9 semiarid forest and woodland sites in the SWUS (56 years in total).
These sites comprised 3 elevation gradients with a combined range of 1930-3355 m and exhibit
notable differences in regional P forcings, yet all are considered semiarid ecosystems with mean
annual P less than 600 mm. Our objectives were to: (a) identify broad similarities and differences
in seasonal P-θ relationships across these sites, (b) evaluate how the influence of P (winter snowfall
and rainfall, spring and summer rainfall) on θ dynamics changed across these sites in wet, average,
and dry seasons, (c) determine how P-θ relationships change for θ in shallow (0-10 cm, 10-20 cm)
versus intermediate (50 cm) depths in the soil profile, and (d) determine under what conditions
early season θ (winter, spring) informs θ in later seasons (spring, summer). Our evaluation of P-θ
relationships was based on a novel and relatively simple approach that identified the length and
properties of winter, spring, and summer based on θ patterns at each individual site in each year.
We hypothesized that all sites would display a similar pattern of θ recharge and depletion over
yearly cycles, supporting the conclusion that θ trends at lower elevation sites can be used to antic-
ipate a warmer climatic future at higher elevation sites with the influence of climate change. Our
study provides insight on broad similarities and differences in P-θ relationships across forests and
woodlands of the SWUS and identifies the P conditions that induce change to these relationships
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in ways that are likely to be ecologically meaningful.
2.2 Site Description
Our study included 9 forest and woodland sites within 3 elevation gradients in the SWUS: The
Snake Mountain Range in northeastern Nevada (NevCAN; https://nevcan.dri.edu), Valles Caldera
in northern New Mexico (NMEG; www.litvaklab.org/new-mexico-elevation-gradient.html), and
northern Arizona (SEGA; sega.nau.edu/home; Table 2.1, Figure 2.1). NevCAN sites included
a mixed pine forest (Snake Range West Subalpine; NV-H), a white fir forest (Snake Range West
Montane; NV-M), and a pinyon-juniper woodland (Snake Range Pinyon-Juniper; NV-L). NMEG
sites included a mixed conifer forest before and after a stand replacing burn (Valles Caldera Mixed
Conifer pre-burn; NM-Hp and Valles Caldera Mixed Conifer post-burn; NM-Hb) and a ponderosa
pine forest (Valles Caldera Ponderosa Pine; NM-M). SEGA sites included a mixed conifer forest
(Camp Colton; AZ-H), a ponderosa pine forest and alpine meadow (Arboretum; AZ-M), and a
pinyon-juniper woodland (Blue Chute; AZ-L). Abbreviations are designated by location of the
site gradient and the site’s placement within that gradient (high, medium, or low); thus, an H at
one location may be at a lower elevation than an M at another location. Collectively, these sites
comprise a range of elevations from 1930 m (SEGA) to 3355 m (NevCAN; Table 2.1) and cover
a range of ecosystems from pinyon-juniper woodlands to mixed conifer forests. The locations for
these sites encompass a relatively broad range of climates experienced by forests and woodlands in
the SWUS. All sites are semiarid forests or woodlands (mean annual P less than 600 mm), but the
SEGA and NMEG sites experience monsoon-driven summer rainfall, whereas the NevCAN sites
experience proportionally lower summer rainfall (Table 2.1). During the time periods of our study,
sites experienced wide variation in seasonal P totals, and many site-years exhibited above-average
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P in one season and below-average P in another (Table 2.2). Mean annual temperatures across all



























Figure 2.1: Site locations (blue) and areas of snow water equivalent (SWE) estimates (purple).
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Table 2.1: Site descriptions including coordinates, elevation, ecosystem type, mean annual P, percent summer and winter P, years of



























































































11.23± 8.91 480± 100 37% 26% 2015-18 134
Note: Means are given with ±1SD. Mean annual P was calculated using water year. Summer and winter P are given as the percentage of total recorded P occurring
in those time periods. Data are not gap filled. Due to missing data, the Blue Chute P is determined from PRISM data (PRISM Climate Group at Oregon State
University, 2004).
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Note: Site averages were calculated from 15 years (2003-2018) of SNODAS data for maximum SWE (National Operational Hydrologic Remote Sensing Center,
2004) and PRISM data for spring and summer P (PRISM Climate Group at Oregon State University, 2004). The study period averages were calculated from
measurements collected at each site and the difference between the study period average and the 15-year site average is noted. The presence of wet (W; P >
+25% long-term average) and dry (D; P < -25% long-term average) seasons are noted by the fraction of abnormally wet or dry seasons in the study period.
2.3 Methods
Data sources and processing
We obtained precipitation [P: mm] data (9 total sites, Table 2.1) and evaluated these data at the
daily time step. Data were sourced from open access data portals: NV-H, NV-M, and NV-L from
nevcan.dri.edu/data download.html, NM-Hp and NM-Hb from doi.org/10.17190/AMF/1246122,
NM-M from doi.org/10.17190/AMF/1246121, and AZ-H, AZ-M, and AZ-L from data.sega.nau.edu/
segaWeb/index.jsp. We obtained PRISM Climate Group 4 km monthly P estimates from 2003-
2019 for each site (15 yr; www.prism.oregonstate.edu; (PRISM Climate Group at Oregon State
University, 2004)), which allowed us to determine wet and dry seasons and year by comparing site
data to longer-term PRISM estimates. We were interested in linking year to year variation in high
elevation snowpack to soil moisture at lower elevations, yet station-based snowpack monitoring
data from United States Department of Agriculture Natural Resources Conservation Service Snow
Telemetry (SNOTEL) sites did not comprise sufficient site-years for a robust comparison among
study locations. We instead obtained Snow Data Assimilation System (SNODAS) 1 km2 daily snow
water equivalent [SWE: mm] estimates for a regional area of 25 km2 surrounding the centroid of
each elevation gradient from 2003-2019 (15 yr; nsidc.org/data/g02158; (National Operational Hy-
drologic Remote Sensing Center, 2004)). We averaged the top 25th percentile of cells to estimate
SWE at the highest elevations at each of our study locations in each year. SWE estimates therefore
reflect the expected snowpack at high elevation locations within each of our 3 elevation gradients,
which is similar to data that obtained from SNOTEL monitoring stations, and not to snowpack at
any individual site.
We categorized P totals in each season at each site using site rainfall data, long-term PRISM data,
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and snowfall estimates using three categories: above-average (> +25% long-term average), near-
average (from +25% to -25%), and below-average (< -25%; Table 2.2). To categorize winter P
at each site, we compared maximum observed SWE in each year to average maximum SWE from
2003-2019 using SNODAS estimates. To categorize spring and summer precipitation at each site,
we compared site-measured total P in each season to the average total P from 2003-2019 from
PRISM.
We obtained soil moisture [θ: m3 m−3] data and evaluated these data at the daily time step.
Data were sourced from open access data portals: NV-H, NV-M, and NV-L from nevcan.dri.edu/
data download.html, NM-Hp and NM-Hb from doi.org/10.17190/AMF/1246122, NM-M from doi.org/
10.17190/AMF/1246121, and AZ-H, AZ-M, and AZ-L from data.sega.nau.edu/segaWeb/index.jsp.
We did not gapfill θ data, and excluded 2012 at NV-H and 2011 at NM-Hp from our analysis due
to large θ gaps. Because θ measurement depths differed across sites, we standardized θ data to 0-10
cm and 10-20 cm depths using weighted averages determined through linear interpolation (Hengl
et al., 2014). We also evaluated θ data at 50 cm for 3 sites in the NMEG gradient. Because θ
is influenced by soil water holding capacity, we standardized θ across sites by calculating relative





where θS is saturated soil water content calculated from Saxton and Rawls (2006). We obtained
estimates of physical soil characteristics (% Sand, % Clay, and % Organic material) for each site
from SoilGrids (soilgrids.org; (Hengl et al., 2014)). Physical soil equations related to water holding
capacity, including those from Saxton and Rawls (2006), often overestimate the soil hygroscopic
point, which is the theoretical minimum θ value used to calculate θr. Thus, in many cases observed
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θ is lower than the theoretical minimum. To correct this, we calculated θr from θS and the lowest
observed θ value at each site (θmin).
Time-varying characterization of seasonal soil moisture
Seasons defined by month (e.g. summer from June-August in every year) have limited ability to
detect variation in θr that characterizes seasonal wetness or dryness. For example, in a year with
a wet spring and a dry summer, seasons defined by month may not capture the transition between
soil moisture availability and deficit, and would therefore underestimate moisture availability in
spring and overestimate it in summer. To capture this variability and to assess θ-defined seasons,
we developed time-varying conditions to capture seasonal θr patterns at the daily time step inde-
pendently for each site, in each year, and at each depth in the soil profile (Figure 2a). We sought
to define 3 distinct seasonal periods: (1) a winter season when P was stored aboveground as snow,
and moisture infiltration into the soil profile was very low; (2) a spring season that began at the
onset of sustained snowmelt infiltration into the soil profile and ended when winter (snowfall) and
spring (rainfall) θ inputs were depleted; and (3) a summer season when θ inputs were dependent
on rainfall events. In our analysis, θ-defined winter is December until the beginning of snowmelt
recharge (Si), spring is the snowmelt input period from Si to the day of snowmelt depletion (Sd),
and summer is the period after Sd when θr is dependent on rainfall events (Figure 2a). We did not
use this technique to identify a fall season, which we expect to resemble summer conditions but to
be largely influenced by seasonal temperature change, reduction of vapor pressure deficit, and the
initiation of snow accumulation. For this reason, we did not expect that θ patterns would be an
appropriate way to characterize interannual patterns of fall at our study sites.
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Snowmelt input (Si) is the day in spring when soil moisture begins to increase from melting snow,
calculated by finding the first of five consecutive days of the water year in which θr is greater than
the winter (DJF) average θr for that water year. Snowmelt peak (Sp) is the DOY and magnitude
of maximum θr prior to DOY 180. Snowmelt depletion (Sd) is the DOY when θr becomes reliant
on rainfall, calculated as the first day after Sp when θr is ≤ the summer (JJA) mean θr. Snowmelt
time (St) is the number of days between Si and Sd. Length of summer (L) is the number of days
when θr is dependent on rainfall, calculated as the number of days between Sd and DOY 305 (Oct
1). DOY 305 was chosen as a day representative of the general cooling temperatures of late fall
into winter and the end of the growing season in the SWUS. P input as moisture into the soil is the
amount of volumetric water content increase, rather than standardized θr increase or P readings
from a rain gauge, at each site during the summer L, reported as total summer P input. These
measures could be identified in all sites and site-years, with the exception of Si at AZ-L and NV-L,
which could not be identified because of ephemeral snowpack and continuous snowmelt.
Our analysis also focused on the properties of dry days (Dx) in summer. We calculated the number
of days when θr was < 2%, < 5%, < 10%, < 20%, and < the site summer mean (θ̄r) during the
summer period L. Days with θr < 20% (D<20) was the most transferable of dry day metrics because
this value fell consistently below summer mean θr at all sites. Our analysis therefore focuses on
D<20 but includes other measures of dry days in Tables 2.4, 2.5, and 2.6.
Correlations in soil moisture patterns
We used univariate linear models to test the influence of meteorological events, environmental fac-
tors, and seasonal characteristics of θr at each soil depth, pooled across all sites and years. We
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compared all seasonal variables (maximum SWE DOY, Si DOY, Sp DOY, Sd DOY, St, and L)
and moisture volume variables (maximum SWE, Si θr, Sp θr, Σ P input, D>θ̄, D<θ̄, D<20, and
D<10) to each other using correlation coefficients at the p < 0.05 level (Tables 2.4, 2.5, and 2.6).
Soil moisture relationships across depths in the soil profile using Transfer Entropy
We used information theory to quantify similarity between the probability distributions of θr be-
tween shallow (0-10 cm, 10-20 cm) and deeper (10-20 cm, 50 cm) depths in the soil profile. Transfer
entropy (TE) quantifies the amount of information in a time series of variable X that can be used
to predict the response of variable Y in a co-occurring time series at either the same point in time
(t = 0) or at a future point in time (t = n). TE specifically quantifies the amount of uncertainty
reduced in estimating variable Y at time t given complete knowledge of variable X, and has been
used successfully to examine nonlinear θ dynamics through time (Behrendt et al., 2019). Since time
series can only have one observation per time point by definition, TE allows us to retain statistical
power by working around the assumptions of traditional statistical methods (i.e. ANOVA, linear
regression; (Bossomaier et al., 2016)). We calculated TE using the package RTransferEntropy in
R software (Behrendt et al., 2019; R Core Team, 2019).
We calculated TE (t = 0) for θr between shallow and deeper soil depths at each site and in each
season independently. To calculate TE, data must be discretized into bins. Our default number
of bins was 25 of equal width in the range of the data, and we reduced this number when it was
required for accurate calculation of TE. To reduce biased estimates, we removed any TE calcula-
tions with < 5 bins from our analysis. We determined statistical significance at the p < 0.05 level
using a Markov block bootstrapping technique with 300 replications, and only report significant
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relationships between variable X and variable Y (Behrendt et al., 2019). Our analysis reports sig-
nificant TE values between θr at shallower (variable X) and deeper (variable Y) soil profile depths,
categorized as occurring within wet, dry, and average winter, spring, and summer seasons. Thus,
our TE analysis quantifies to what degree shallow θr informs θr at deeper soil depths in wet, dry,
and average seasons across all of the sites in our study.
Soil moisture relationships across seasons using information theory
We also used information theory to quantify similarity between the probability distributions of θr
and SWE between seasons. To do this, we calculated two variables, Mutual Information (MI) and
Kullback-Leibler divergence (K-L), to compare the probability distributions of variable X and vari-
able Y in different seasons. Mutual Information (MI) is a measure of the decrease in uncertainty
generating an unknown probability distribution (variable Y) from another known distribution (vari-
able X), and in our analysis was quantified as the number of bits needed to generate a point in the
unknown Y time series given complete knowledge of the distribution of X (Hausser and Strimmer,
2009). K-L is a measure of ”surprise” in generating an unknown probability distribution (variable
Y) from another known distribution (variable X), with the prior assumption that X and Y are
identical (Hausser and Strimmer, 2009; Pérez-Cruz, 2008). Higher K-L values indicate a greater
”surprise” at the difference between the X and Y density distributions, and in our analysis were
quantified as the number of extra bits needed to generate a point in the Y distribution because it is
not actually identical to the X distribution. High similarity (e.g. both low MI and low K-L values
for the distributions of variable X and variable Y) potentially indicates a common mechanism or
shared physical driver.
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We calculated K-L and MI between seasonal (time-varying winter, spring, summer) SWE and θr
distributions. This analysis computed the shared information of distributions of SWE and soil
moisture between two seasons in the same year, which when calculated across a large number of
years provides insight on which seasons and associated P conditions (wet, dry, average) are more
closely linked than others. We conducted our analysis independently for each year, site, and soil
depth. θr data were discretized into the maximum number of bins (> 5 and < 25) in which at
least one probability distribution had no bins containing 0 observations. Seasons were classified as
dry, average, or wet based on total P and maximum SWE. In our analyses we defined relationships
between two density distributions, such as θr at 0-10 cm in spring (season X) compared to θr at 0-10
cm in summer (season X+1), that had both below-average MI and below average K-L (compared
to all other θr relationships) as having high similarity. We calculated MI and K-L using R package
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Figure 2.2: Summary of time-varying analysis of relative extractable soil moisture [θr: m
3 m−3] for
one hydrologic year (Panel a), time series plots of estimated snow water equivalent SWE [mm] for
each elevation gradient (Panels b-d), and observed θr at 0-10 cm for all sites (Panels e-m) starting
on October 1, the start of the hydrologic (water) year (Biederman et al., 2018; Ma et al., 2007;
Thomas et al., 2009). In Panel a, Si (snowmelt input) is the DOY when θr begins to increase
from melting snow, Sp (snowmelt peak) is the DOY and magnitude of maximum θr in the spring,
Sd (snowmelt depletion) is the DOY when θr becomes reliant on rainfall for replenishment, St
(snowmelt time) is the number of days when melting snow is infiltrating into the soil profile, L
(length of summer) is the number of days where θr is dependent on rainfall events, Dx (dry days)
is the number of days where θr < the summer mean (θ̄) or θr < 20% of soil capacity, and P
input tracks rainfall infiltration into the soil profile. Month-defined winter, spring, and summer
are shown for reference. In Panels e-m, colored lines illustrate θr in individual years, and the black
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Figure 2.3: Time series plots of estimated snow water equivalent SWE [mm] for each elevation
gradient (Panels a-c), and observed θr from 10-20 cm (Panels e-g, i-k, and m-o), and 50 cm (Panels




Time-varying analysis of forest and woodland seasonality
Our time-varying analysis identified 3 distinct seasonal periods: (1) a winter season when P was
stored aboveground as snow, and moisture infiltration into the soil profile was very low; (2) a spring
season that began at the onset of sustained snowmelt infiltration into the soil profile and ended
when winter (snowfall) and spring (rainfall) θ inputs were depleted; and (3) a summer season when
θ inputs were dependent on rainfall events (Figure 2.2, see Figure 2.3 for these patterns at 10-20 cm
and 50 cm). Compared to month-based seasons, time-varying seasons generally result in a longer
winter and summer and a shorter spring, with variation in the length of these seasons from year to
year and across different depths in the soil profile (Table 2.3, Figure 2.4, Figure 2.2e-m for moisture
traces at 0-10 cm, Figure 2.3 for moisture traces at 10-20 cm and 50 cm). This seasonal framework
applied to all site-years. NV-L and AZ-L, which were low elevation woodlands that experienced
ephemeral snow accumulation and sporadic snowmelt during our study, had a longer spring season
than other sites and no winter season defined by a single day of snowmelt initiation (Table 2.3).
Seasonal relationships of high and low elevation sites
We found significant differences in the characteristics of winter, spring, and summer between low
elevation sites (< 2500 m: AZ-L, AZ-M, NV-L, and NM-M) and high elevation sites (> 2800 m:
NV-M, NM-Hp, NM-Hb, and NV-H; p < 0.05; elevation categories based on Figure 2.5). The DOY
of snowmelt initiation (Si, see Figure 2.2a for a reference), which indicates the transition from winter
to spring, was 9 days earlier on average at low elevation sites compared to high elevation sites (Table
2.3). The DOY of peak θr due to snowmelt (Sp) at low elevation sites occurred 45 days earlier on






















































































































Figure 2.4: Probability density distributions of θr at 0-20 cm and 50 cm depths contrast seasons
defined by months (Winter: DJF; Spring: MAM; and Summer: JJA) to those defined by θ-based
metrics. Horizontal lines indicate the average of the probability density functions. The combined
average of depth 0-10 cm and depth 10-20 cm was used if the averages were not significantly different
(p < 0.05). NV-L (Panel i) and AZ-L (Panel j) did not experience constant snowpack and a single











































































































































































































































Figure 2.5: Time-varying soil moisture measures of snowmelt peak day (Sp Water Year DOY, 0-20
cm; Panel a), snowmelt peak relative extractable soil moisture [θr: mm
3 mm−3] (Sp θr, 0-20 cm;
Panel b), depletion day (Sd Water Year DOY, 0-20 cm; Panel c), snowmelt time (St, 0-20 cm;
Panel d), summer length (L, 0-20 cm; Panel e), and days with θr < 20% (D<20, 0-20 cm; Panel f).
Water year begins on October 1. Letters indicate significant differences between sites (p < 0.05).
AZ-L and NV-L did not experience snowpack, so their St is defined as the beginning of winter until
Sd. Metrics were not significantly different at depths 0-10 cm and 10-20 cm, so the two depths were




Table 2.3: Moisture transition patterns by site including snowmelt input day (Si Water Year DOY), snowmelt peak day and amount
of moisture (Sp Water Year DOY and θr), depletion day (Sd Water Year DOY), snowmelt time (St), days with θr < 20% (D<20), and
summer moisture input (Σ P input, mm).






















ND 248± 24 269± 8 ND 90± 27 49± 36 91± 24 ND 35± 8




ND 262± 11 263± 24 ND 99± 11 91± 30 73± 51 ND 42± 15




ND 242± 66 217± 59 ND 176± 74 134± 33 159± 32 ND 31± 24






254± 27 257± 26 258± 15 89± 35 0 0 0 60± 23






245± 26 244± 21 261± 49 88± 30 44± 37 60± 42 49± 46 33± 7






221± 30 224± 33 241± 29 62± 35 72± 40 73± 46 60± 37 70± 20




ND 236± 9 240± 10 ND 80± 15 31± 8 38± 6 ND 83± 24




ND 168± 44 202± 53 ND 75± 80 48± 46 31± 31 ND 101±37




ND 188± 45 198± 57 ND 128± 45 69± 30 72± 45 ND 46± 1
Note: Water year begins October 1. All metrics given in this table are given with the mean ± SD and are for soil depth 0-10cm unless stated otherwise. ND = no data.
indicates the transition from spring to summer, occurred 34 days earlier at low elevation sites than
at high elevation sites, and corresponded to a 34 day longer summer (L; Figure 2.5c,e, Table 2.3).
The number of days with < 20% θr (D<20) did not vary significantly between high and low elevation
















































































































































































































































Figure 2.6: Time-varying soil moisture measures of snowmelt peak day (Sp Water Year DOY, 0-
20 cm; Panel a-b), snowmelt peak relative extractable soil moisture (Sp θr, 0-20 cm; Panel c-d),
depletion day (Sd Water Year DOY, 0-20 cm; Panel e), snowmelt time (St, 0-20 cm; Panel f),
summer length (L, 0-20 cm; Panel g), and days with θr < 20% (D<20, 0-20 cm; Panel h) across
above-average (wet), below-average (dry), and near average (avg) seasonal P totals (winter, spring,
or summer). Water year begins on October 1. We compared all site-years to identify patterns of
responses to P that are similar across the region and responses without a clear pattern that reflect
responses shaped by environmental differences among sites. Letters indicate significant differences
between sites (p < 0.05). Metrics were not significantly different at depths 0-10 cm and 10-20 cm,
so the two depths were merged to 0-20 cm. All significance levels were found using ANOVA and
Tukey’s honest significant differences (p<0.05).
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Seasons with above- and below-average P (e.g. wet and dry seasons) had consistent effects on some
of the characteristics of winter, spring, and summer for both low and high elevation sites. The
DOY of peak θr due to snowmelt (Sp) occurred later in wet springs compared to dry springs at
all sites, and both dry winters and dry springs resulted in lower peak θr in spring compared to
corresponding wet conditions (Figure 2.6b,c,d). Dry winters also corresponded to an earlier DOY
of θr depletion (Sd) and a longer summer length (L) across all sites (Figure 2.6e,g). In contrast,
spring length (St) and the number of days with < 20% θr (D<20) were not consistently altered by
P totals (Figure 2.6a,f,h).
Soil moisture information across depths in the soil profile
Transfer entropy (TE) quantifies how temporal change in variable X informs temporal change in
a second variable, Y (higher positive TE values indicate more information transfer from X to Y).
We used TE to determine how θr in upper soil layers informed θr at a deeper soil layer at the same
site during the same seasons. TE was highest for θr between shallow soil layers (0-10 cm to 10-20
cm; Figure 2.7a). TE was lower for θr between a shallow soil layer X (0-10 cm or 10-20 cm) and a
deeper soil layer Y (50 cm; Figure 2.7a). Compared to month-based seasons, TE in time-varying
seasons was lower in winter and higher in spring and summer for transfer between shallow depths
(0-10 cm to 10-20 cm; Figure 2.7b), which we attribute to better identification of seasonality in
θr availability using a time-varying approach (relatively wetter and shorter springs, relatively drier
and longer summers).
Linear correlations of seasonal relationships attest to the differing seasonal patterns of θr between


































Figure 2.7: Transfer entropy (TE) values of relative extractable soil moisture [θr: m
3 m−3] for time-
varying seasons between 0-10 cm, 10-20 cm, and 50 cm soil depths (Panel a), and TE compared
between time-varying, metric-based seasons and month-based seasons (metric-based TE minus
month based TE; Panel b). In Panel a, higher TE values indicate greater information transfer
between soil layers.
patterns between these soil depths. For θr at 0-10 cm and 10-20 cm, SWE was correlated with
spring measures including Sp θr and Sd DOY (Tables 2.4 and 2.5), whereas at 50 cm, SWE was
correlated with Sp θr and summer wet and dry days (Table 2.6). Thus, although all soil depths
are influenced by SWE in spring, the effect of variable winter precipitation on θr persists for longer
in deeper layers (summer) versus shallow soil layers (spring), leading to their observed dissimilarity.
Seasonal relationships of soil moisture information between seasons and across depths
in the soil profile
We used information theory to determine how θr in season X informed θr in season X+n at the same
depths in the soil profile. Mutual information (MI) between two variables (X and Y) quantifies
the amount of additional information needed to encode the distribution of Y values given complete
information on the distribution of X values. Kullback-Leibler divergence (K-L) quantifies the de-
viation between the shared distributions of X and Y, given the assumption that their distributions
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Figure 2.8: Percentage of conditions with high mutual information (assessed using Mutual Infor-
mation Content and Kullback-Leibler divergence) for relative extractable soil moisture [θr: mm
3
mm−3] at different depths in the soil profile (Panel a), for snow water equivalent [SWE: mm] and
θr across winter, spring and summer (Panel b), and between primary seasons (winter, spring) and
subsequent seasons (spring, summer) with below-average (Dry), near average (Average), and above-
average P (Wet; Panel c). In each panel, the value outside parentheses indicates the percentage
of total observations for each condition, and the value inside parentheses indicates the percentage
of total observations with high mutual information for each condition. The lower value indicates
the difference between the two, illustrating a greater or lower tendency of observed conditions to
have high mutual information and the thickness of box perimeters (Panel a) and arrows (Panels
b,c) also indicates this value.
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Table 2.4: Significant correlations, reported as correlation coefficients, between all univariate models of comparative metrics and elevation






Si DOY Si θ Sp DOY Sp θ Sd DOY St
Σ P
input








Si θ 0.33 - -0.40
Sp
DOY
- - 0.41 -0.51
Sp θ 0.43 - - 0.64 -
Sd
DOY
- -0.34 - - 0.54 0.39
St - -0.42 -0.34 - 0.48 0.34 0.89
Σ P
input
- - - 0.45 -0.40 - -0.54 -0.41
D>θ̄ - - -0.41 0.37 -0.31 - - 0.44 -
D<θ̄ - - - - -0.40 -0.47 -0.64 -0.77 - -
D<20 - - - -0.39 - -0.43 - -0.49 - - 0.60
D<10 - - - - - -0.30 - -0.38 - - 0.55 0.73
L - 0.34 - - -0.54 -0.39 1 -0.89 0.54 - 0.64 - -
Elevation - - - -0.57 0.62 - 0.37 - -0.31 - - -0.32 - -
Note: A dash indicated a non-significant relationship and negative signs indicate a negative relationship.
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Table 2.5: Significant correlations, reported as correlation coefficients, between all univariate models of comparative metrics and elevation






Si DOY Si θ Sp DOY Sp θ Sd DOY St
Σ P
input








Si θ 0.36 - -
Sp
DOY
- - - -0.64
Sp θ 0.51 - - 0.74 -
Sd
DOY
0.34 - - - 0.36 0.53
St - - -0.56 - 0.60 - 0.90
Σ P
input
- - - - - - -0.35 -
D>θ̄ - - - 0.58 -0.52 0.45 - - -
D<θ̄ - - - - - -0.57 -0.55 -0.53 - -0.70
D<20 - - - -0.56 - -0.61 -0.36 - -0.30 -0.53 0.68
D<10 - - - -0.38 - -0.40 - -0.34 - -0.40 0.47 0.87
L -0.34 - - - -0.36 -0.53 1 -0.90 0.35 - 0.55 0.36 -
Elevation - - - -0.64 0.69 - 0.51 0.46 - -0.32 - - - -0.51
Note: A dash indicated a non-significant relationship and negative signs indicate a negative relationship.
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Table 2.6: Significant correlations, reported as correlation coefficients, between all univariate models of comparative metrics and elevation






Si DOY Si θ Sp DOY Sp θ Sd DOY St
Σ P
input








Si θ - - -
Sp
DOY
- - 0.59 -
Sp θ 0.77 - -0.46 0.54 -
Sd
DOY
- - - - 0.63 -
St 0.50 - -0.71 - - 0.52 0.49
Σ P
input
0.53 0.49 - - - - - -
D>θ̄ 0.48 - -0.51 - - 0.55 - 0.59 -
D<θ̄ - - - - -0.61 - -0.70 -0.51 - -0.62
D<20 -0.55 - - - -0.56 - -0.69 -0.58 - -0.50 0.87
D<10 - - - - - - - - - - 0.48 0.60
L - - - - -0.63 - 1 -0.49 - - 0.70 0.69 -
Elevation - - - - - - - - - - -0.46 - - -
Note: A dash indicated a non-significant relationship and negative signs indicate a negative relationship. Since soil moisture at 50 cm was only measured at
NMEG, these relationships apply to that gradient.
0-10 cm, for example) with lower than average MI (less additional information needed) and K-L
(lower divergence), and therefore high shared information. The percentage difference in our MI and
K-L analysis indicates a greater or lesser proportion of high shared information for a specific class
of observation compared to that class’s proportion of all observations (for example, the proportion
of high shared information at 0-10 cm depth to high shared information across all depths (27/54,
50%), compared to the proportion of 0-10 cm observations compared to all observations (224/542,
41%)). Therefore, a positive difference between the percentage of one observation class in all obser-
vations (e.g. 41%) and in observations with high shared information (e.g. 50%) indicates a higher
likelihood of high shared information within that class (θr comparisons at 0-10 cm). Generally,
cases of high shared information were rare (9% of all season X to season X+n comparisons). Dis-
tributions of θr between seasons have slightly higher shared information at 0-10 cm, and slightly
lower shared information at 50 cm (Figure 2.8a). Across all soil depths, the highest proportional
increase in high information seasonal relationships were between θr in spring and summer (+23%),
θr in winter and summer (+12%), and θr in winter and spring (+7%; Figure 2.8b). Relationships
between SWE and θr were much lower (Figure 2.8b). Events of high shared information were most
likely to occur when season X (winter or spring) was dry (+8%) or wet (+6%), and when season
X+n (spring or summer) experienced average rainfall totals (+18%; Figure 2.8c).
Linear correlations of seasonal relationships corroborate our finding of high shared information be-
tween spring and summer for shallow soil layers. At 0-10 cm and 10-20 cm, Sp θr is significantly
correlated with Sd day, summer length L, and several measures of wet and dry days (Tables 2.4,
2.5). At 50 cm, Sp θr is correlated with summer wet days, which supports our finding of high
shared θ information between spring-summer at this deeper soil depth (Table 2.6). Additionally,
although we found that SWE was significantly correlated with Sp θr at every soil depth, SWE was
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not correlated with additional seasonal measures, supporting our finding that SWE impacts in late
spring and summer may be limited to deeper depths in the soil profile (Table 2.6).
2.5 Discussion
Time-varying metric-derived seasons
Distinct seasonal cycles of θ have been evaluated in numerous studies for ecosystems of the western
United States (Brown-Mitic et al., 2007; McNamara et al., 2005; Notaro et al., 2010; Williams
et al., 2009). By determining the seasonal characteristics of θ using a time-varying, quantitative
methodology, our study provides new insight on climate and soil moisture dynamics for sites span-
ning 3 forest to woodland elevation gradients in the SWUS with distinct climate characteristics.
Specifically, our study provides new insight on how θ patterns in these ecosystems compare across
depths in the soil profile, between winter, spring and summer seasons, and under climate forcing
conditions of above- and below-average seasonal P. We used time-varying methodology to define
a distinct winter period of snow accumulation and low snowmelt, a spring period of high, mostly
snow-derived moisture availability, and a summer period of relative moisture deficit. Compared
to month-defined seasons, time-varying seasons were able to more precisely identify the seasonal
transition from moisture surplus in spring to moisture deficit in summer, and therefore are a use-
ful approach to determine the functional length of these seasons as well as the magnitude of θr
availability within them. Due to the simplicity of this approach, we propose that time-varying θ
analysis based on θ fluctuations may have broad utility for understanding the seasonal characteris-
tics of these and other semiarid ecosystems, as well as for predicting how climate change may alter
seasonal cycles of moisture availability.
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Our proposed framework has a divergent but useful application in sites with ephemeral snowpack,
such as NV-L and AZ-L, compared to sites that experience snow accumulation throughout winter.
In our analysis, low elevation pinyon-juniper sites did not experience a single day that marks the
beginning of snowmelt infiltration, but rather experience snowmelt infiltration throughout the cold
season. Therefore, according to our proposed framework, these sites do not have a winter season
of snow accumulation and instead experience an extended spring. We postulate that temperature
variation during an extended θ-defined spring is higher than temperature variation in discrete win-
ter and spring seasons, and may play an important role in regulating ecosystem responses that we
did not resolve in this study. Despite this, we maintain that highlighting the potential increased role
of temperature at lower elevation sites supports the value of our proposed framework, in addition
to its ability to identify divergent seasonal P-θ relationships across diverse forest and woodland sites.
Effects of elevation on soil moisture
Instead of differing across dominant vegetation species or ecosystem type, the seasonal character-
istics of our study sites were often best categorized into 2 groups by elevation: < 2500 m (lower
elevation) and > 2800 m (higher elevation). DOY of peak θr due to snowmelt and the DOY of
θr depletion in spring were especially useful for differentiating the seasonal characteristics of high
versus low elevation sites. Notably, lower elevation sites experienced a loss of snowmelt-derived
θr earlier in the year compared to higher elevation sites, and had a longer summer period where
θr was dependent on rainfall events. Additionally, the variance in the timing of snowmelt inputs
and depletion is much lower at higher elevation mixed conifer and ponderosa forests compared
to low elevation ponderosa forests and pinyon-juniper woodlands. This suggests a divergence in
predominant climate and θ-defined seasons between lower and higher elevation sites in the SWUS,
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albeit with some uncertainty about the role of topographic and landscape effects that can amplify
and dampen the effects of climate forcings. Our determination agrees with Herrmann et al. (2016),
who found a distinct difference in seasonal NDVI patterns between lower and higher elevations in
the SWUS, which were attributed to water- versus energy-limited conditions. Yet, we found that
seasons with above-average and below-average P had consistent effects on many of the seasonal
characteristics of both our lower and higher elevation sites, and that the number of dry days in
summer was strongly controlled by site-specific factors. Thus, we postulate that differences in so-
lar radiation and temperature imparted some influence on the availability of snowmelt-derived soil
moisture between the lower and higher elevation sites of our study, although precipitation remained
the dominant control on seasonal soil moisture dynamics.
Climate change is predicted to increase temperatures and initiate earlier snowmelt in forest and
woodland ecosystems of the western United States (Blankinship et al., 2014; Hamlet et al., 2007).
Whether or not lower elevation sites can be used to forecast the warmer and more arid future of
higher elevation sites is not fully clear and depends on many interesting factors (Bell et al., 2014b).
If lower elevation sites do indeed resemble the future of higher elevation sites, comparing existing
patterns of θ availability between these elevations may be especially useful for refining understand-
ing of the potential ecological consequences of climate change. For example, although the lower
elevation sites of our study had shorter springs, longer summers, and were often drier than higher el-
evation sites, seasonal patterns of θr (increase in early spring, depletion in late spring, P-dependent
summer) did not diverge markedly between them. Thus, seasonal patterns of θ availability are
similar across less arid higher elevation and more arid lower elevation SWUS sites, although the
magnitude of θ and the relative influence of seasonal P may differ. From a climate change per-
spective, this pattern suggests that the dynamic of lower elevation forest sites may indeed portend
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to the future of higher elevation forest sites, with the exception of non-analog climate changes or
infrequent climate events that are unobserved. However, we maintain that the role of topographic
and landscape effects on site water balance, and potential change in the magnitude of environmen-
tal conditions that are ecologically meaningful, will also be important at both local and regional
scales (Crausbay et al., 2017). We found that seasonal θr was much lower at the lowest elevation,
pinyon-juniper woodland sites of our study. As we noted previously, these woodlands experience
a major change in cold season moisture availability compared to higher elevation forests, as they
do not often accumulate deep snowpack, and instead experience sporadic snowmelt and a very low
θr peak throughout a long θ-defined spring. The transition from winter snowpack accumulation to
snowpack melting is expected to have large impacts to ecosystems of the western US in the coming
century, as this shift amplifies periods of spring and summer moisture deficit (Knowles et al., 2018;
Petrie et al., 2015; Schlaepfer et al., 2012). Climate models predict that snowmelt in the SWUS will
occur earlier and with less volume in this century (Seager and Vecchi, 2010), and lower elevation
sites may be a useful model for the future of higher elevation sites, but only until winter snow
accumulation becomes limited.
Our results suggest similarity in θr dynamics across 3 elevation gradients in the SWUS that span
an elevational range of 1930-3355 m. Our results corroborate Herrmann et al. (2016) in that both
identified a distinct divide between lower and higher elevation groups. Yet, studies focusing on ele-
vation gradients at a finer-scale than those of our study have found gradual changes in streamflow
(Hunsaker et al., 2012), conifer regeneration (Dodson and Root, 2013), and spring flowering timing
(Crimmins et al., 2010). These results suggest fine-scale elevation-associated differences that we
did not detect in our study. Because regionally-focused studies such as ours are less able to identify
fine-scale patterns, there could be an important moisture gradient within our low elevation sites.
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We conclude that further study of local and regional elevation gradients, as well as topographic
and landscape effects on the ecological impact of climate patterns, is needed to continue to develop
actionable generalization that applies across broad regional areas and can be used to predict future
regional change in forest and woodland dynamics.
Shallow vs. deeper soil moisture
Although P influenced θ at all of the sites and soil depths of our study, we found that θr at 0-20
cm is generally decoupled from θr at 50 cm and that there is limited statistical overlap between
shallow and intermediate soil layers. This decoupling has been observed in other semiarid loca-
tions with a prominent snowfall season that can recharge θ throughout the soil profile, leading to a
decoupling later in the year when shallow θ is depleted by evapotranspiration (Blankinship et al.,
2014; Loik et al., 2004; McNamara et al., 2005). Although seasonal patterns of θr were similar
between 0-10 cm and 10-20 cm at our study sites (though their means could differ), other semiarid
forests in the SWUS experience differential soil moisture patterns between 0-10 cm and 10-20 cm
due to evapotranspiration that is limited to the top 10 cm of the soil profile (Brown-Mitic et al.,
2007; Newman et al., 1997). We caution that our results comparing shallow and intermediate soil
moisture were obtained solely from the NMEG gradient. Other studies in our NV study region have
found negligible deep soil moisture drainage in lower elevation woodlands, such that the primary
seasonal contributions of drainage to groundwater occur only at mid- to high elevations (Devitt
et al., 2018). Although this corroborates our findings at NMEG, further study of local and regional
elevation gradients is needed to continue to develop actionable generalization that applies across
broad regional areas and can be used to predict future regional change in forest and woodland
dynamics.
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Despite noted limitations, we postulate that coupling of shallow and intermediate θ portends to
a divergence in how different life stages of tree development are influenced by climate variability.
Juvenile ponderosa pine do not have the ability to access soil moisture below 10-20 cm in the first
years following germination (unpublished data), and soil moisture availability at this shallow layer
has a large influence on juvenile survival (Petrie et al., 2017). Thus, the most likely impact of spring
and summer climatic conditions that deplete soil moisture in upper soil layers is the reduction of
natural regeneration in forest and woodland ecosystems. In contrast, adult ponderosa pines uptake
water from the upper 50 cm of soil (Berndt and Gibbons, 1958), but rely more heavily on deeper
soil moisture compared to young trees (Kerhoulas et al., 2013). In pinyon-juniper woodlands,
the rooting profile of both pinyon pines and junipers is more concentrated in upper soil horizons
(Schwinning et al., 2020). It follows that sustained periods of low θ recharge into intermediate and
deeper soil layers may be especially deleterious for mature ponderosa pine systems (Zhang et al.,
2013), whereas similar levels of stress to mature trees in pinyon-juniper ecosystems is manifest
by sustained θ depletion in upper soil layers (Breshears et al., 2009). Additionally, changes to θ
are also an important component of ecosystem recovery from disturbance, as moisture availabil-
ity greatly affects the ability of seedlings to regenerate the forested ecosystem (Dodson and Root,
2013). Although our analysis sites capture conditions before and after a severe wildfire (NM-Hp
and NM-Hb), P totals at this site were generally wetter than average before the fire and were drier
after. This limited our ability to elucidate wildfire effects on θ dynamics.
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Seasonal information flow in wet and dry seasons
High information transfer between seasons may be associated with change to the physical rela-
tionships between climate and soil moisture. Greater information transfer between soil layers was
promoted in wet seasons compared to average and dry seasons, especially wet winters. This may
be due to both reduced soil drying in shallow soil layers and greater water inputs in total. Addi-
tionally, we found that in high elevation locations, where the day of snowmelt moisture input (Si)
could be identified, it was often placed after some infiltration had already taken place in wet years,
whereas in dry years Si was more accurate to the day when snowmelt input first appeared in the soil
moisture trace. Thus, wet conditions may enhance information transfer between soil layers in our
framework by simply allowing moisture infiltration into the soil, which is less likely under average
or dry conditions. Our results corroborate Hupet and Vanclooster (2002) and Famiglietti et al.
(1999), who found that variation in θ horizontally was lowest in wet conditions, but is in contrast
with Williams et al. (2009) who found the opposite trend. These studies examine information flow
horizontally across space rather than vertically through the soil profile, and while P influences both
horizontal and vertical θ patterns, it is likely that additional mechanisms influence each flow type.
Climate change is predicted to alter seasonal P and θ dynamics in the SWUS, and these changes
could intensify or dampen θ mutual information content (assessed by Kullback-Leibler divergence
and mutual information) between seasons. Warmer, drier winters (Jones and Gutzler, 2016; Seager
and Vecchi, 2010) and modestly drier summers (Jones and Gutzler, 2016) are expected to increase,
and interannual precipitation is expected to become more variable, with extreme droughts (Cayan
et al., 2010) and extreme wet periods (Allan and Soden, 2008) both becoming more likely. At the
sites of our study, seasons with near-average P are more likely to be influenced by prior-season
conditions. Both warming temperatures and a more variable P regime will change the likelihood
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of high mutual information content between seasonal θ signatures. The probability of a dry season
X (winter, spring) or a dry season X+n (spring, summer) will increase, and forecasts for increasing
warm season heavy rain (Allan and Soden, 2008) suggest that the probability of wet season X+n will
also increase. In contrast, an increasing probability of dry seasons caused by warmer temperatures
and enhanced aridity would likely mean more X+n seasons with soil moisture traces dominated by
their own P regime, making high mutual information content between seasons even less likely than
at present. During the 1950s drought in the SWUS, impacted ecosystems exhibited a widespread
shift in which high elevation forest ecosystems (ponderosa pine forest) began to resemble lower
elevation woodland systems (pinyon-juniper woodlands) (Allen and Breshears, 1998), suggesting a
sustained transfer of dry conditions across the region through time. We postulate that this shift
likely coincided with increased probability of dry X season mutual information content with season
X+n that could have limited the small positive impact of near-average X+n season P.
2.6 Conclusions
In this study we evaluated P-soil moisture (θ) relationships across 9 sites comprising 3 forest and
woodland elevation gradients in the southwestern US, with a particular focus on the influence of
above- and below-average seasonal P on θ at different depths in the soil profile. Three distinct sea-
sons – a winter season when P was stored above-ground as snow, and moisture infiltration into the
soil profile was very low, a spring season that began at the onset of sustained snowmelt infiltration
into the soil profile and ended when winter (snowfall) and spring (rainfall) θ inputs were depleted,
and a summer season when θ inputs were dependent on rainfall – were shifted in time between
high and low elevation sites, with θ at low elevation sites experiencing less influence of winter P,
a shorter spring season, and earlier and longer depletion of θ compared to high elevation sites.
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θ dynamics at shallow soil depths (0-20 cm) were largely decoupled from those at intermediate
depths (50 cm), alluding to greater influence of spring and summer rainfall on shallow soil layers,
and greater influence of winter snowfall on deeper layers. A high influence of seasonal patterns of θ
on those in subsequent seasons was uncommon, but increased substantially in cases where the first
season experienced above- or below-average P, and the subsequent season experienced near average
P. These results illustrate that the dynamics of diverse forest and woodland sites of the SWUS may
be organized across relatively broad elevational categories, and may be elucidated using relatively
simple measures of seasonal θ. We propose that understanding future change to forests and wood-
lands in this region may be sharpened through understanding of seasonal linkages between P and
θ, which display common patterns across elevation and depth in the soil.
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CHAPTER 3
NOT ONLY SEVERE EVENTS: JUVENILE CONIFER FUNCTIONING AND SURVIVAL
DURING MODERATE DRY PERIODS
Chapter abstract: Juvenile tree survival will increasingly shape the geographic range and regener-
ation associated persistence of ponderosa pine forests in the western United States. In contrast to
severe drought events, moderate seasonal periods of low rainfall and warm temperatures may limit
juvenile tree survival while having minimal impact to adult trees. It follows that small increases in
the impact of moderate events in a changing climate could impose an important restriction on re-
generation. We conducted a fully crossed manipulative field experiment to determine the responses
and survival of 3 Colorado subpopulations of juvenile ponderosa pines to moderately dry conditions,
variation in small rainfall events based on observed dry season patterns, and shaded and unshaded
microsite environments. Near surface soil moisture increased following small rainfall events, but
declined over the 45-day experimental period. Juvenile tree transpiration and associated canopy
cooling declined after 13 days, and we estimate that the majority of trees in lower rainfall treat-
ments died between days 20-30. After 45 days, juvenile mortality across all subpopulations and
treatments was 95%. Although microsite conditions shaped tree responses early in the experiment,
later functioning was shaped predominately by soil moisture. Thus, juvenile ponderosa pines are
unlikely to survive moderate dry periods relying solely on small rainfall events. Severe pulse events
are expected to restrict forest persistence in the western US, and more moderate periods may also
be an important component of persistence, especially those that occur consistently as part of sea-
sonal variation in climate.
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3.1 Introduction
The ability of ponderosa pine forests to regenerate in both undisturbed and post-disturbance land-
scapes will increasingly dictate their geographic range and persistence in the western United States
over future time periods. Hotter temperatures and more frequent drought events associated with
global climate change are expected to increase juvenile tree mortality events (Petrie et al., 2017;
Kolb et al., 2020; Minott and Kolb, 2020), and climate change is expected to intensify already
impactful disturbances, especially extreme drought and wildfire (Bradford et al., 2020; Davis et al.,
2019; Rodman et al., 2020; Stevens-Rumann et al., 2018). Climate-associated declines in natural
regeneration have already been observed throughout the western US (Stein and Kimberling, 2003;
Shepperd et al., 2006), and natural and human-assisted forest regeneration in post-wildfire environ-
ments is often unsuccessful (Ouzts et al., 2015; Stevens-Rumann et al., 2018). Severe climate and
disturbance events impose environmental conditions that juvenile trees often do not survive or re-
cover from, and have the potential to increasingly restrict the fundamental niche of ponderosa pine
forests in the future (Rother et al., 2015). If the persistence of these ecosystems will be dictated by
severe climate and disturbance events, anticipating the future frequency, geographic pattern, and
duration of severe events will be the most important aspect of forecasting persistence.
Contrary to increasing focus on severe events, it is possible that more moderate events also impose
significant mortality to juvenile tree cohorts, in which case the future regeneration-associated per-
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sistence of ponderosa pine forests may be much more complex. Focusing solely on severe events may
be at odds with the tendency for many juvenile conifers to die as a result of competition and self-
thinning, frost heaving, herbivory, and desiccation, all of which occur within the bounds of average
climate variability (Stein and Kimberling, 2003; Kolb et al., 2020; Pirtel et al., in preparation).
The combined effects of moderate climate events often leads to high mortality among juvenile tree
cohorts in the first few years following germination, and survival of only the best situated (or lucki-
est) juveniles. Although, low survivorship has been sufficient to sustain tree populations over recent
time periods (Bailey and Covington, 2002; White, 1985), it is unclear if this will be maintained in
the future. Petrie et al. (2017) predict that reduced occurrence of frost heaving will increase favor-
ability for ponderosa pine regeneration in response to near-term climate change, but favorability
will decline later in the 21st century due to enhanced drought higher air temperatures. Improved
understanding of the growth characteristics of juvenile conifers (Pirtel et al., in preparation) and
their stress tolerance in marginal and disturbed environments (Stevens-Rumann et al., 2018; Han-
kin et al., 2019) suggest that Petrie et al. (2017)’s forecasts may overestimate future regeneration
because their analysis was most attuned to large and severe changes in climate. That is, the poten-
tial increased impact of moderate events is not yet incorporated into forecasts of declining forest
regeneration. We postulate that changing climate conditions in the coming century will modify
the bounds of moderate climate variation to consistently enhance regeneration-limiting conditions.
Furthermore, if changes to moderate conditions cross a threshold to consistently induce complete
juvenile mortality in most years, they could rival and eventually exceed the roles of less frequent
and widespread severe climate and disturbance in restricting ponderosa pine forest persistence.
Across the front range of Colorado, ponderosa pine forests experience periods of above-average
temperatures and low rainfall on the order of days to months in late spring prior to the onset
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of summer monsoon rainfall, and again in early fall when monsoon-driven rain subsides (Notaro
et al., 2010; Stein and Kimberling, 2003). Unlike sustained drought periods that have supported
high adult pine mortality in this region (Bigler et al., 2005; Romme et al., 2006; McDowell et al.,
2010), moderate seasonal dry periods are a regular occurrence in these forests and do not commonly
induce stress to adult trees. During these dry periods, rainfall events are often small (≤5 mm),
relatively infrequent (Loik et al., 2004), and are often the only source of moisture recharge in near
surface soil layers (0-30 cm depth) following the depletion of snowmelt-derived moisture in spring
(Koehn et al., 2021). Because juvenile ponderosa pines have shallow rooting depths and minimal
ability to acclimate growth to environmental variation (Pirtel et al., in preparation), it follows that
these moderate dry periods are an important component of juvenile tree thinning and may restrict
regeneration cohorts in many years (League and Veblen, 2006; Rother et al., 2015; Shepperd et al.,
2006). There has been low focus on regeneration until recently (Petrie et al., 2016), so development
of mechanistic insight on the factors leading to juvenile conifer survival and mortality during these
periods can help to define the range of conditions under which regeneration is successful or impeded.
The climate-induced stress effects imposed on juvenile conifers are shaped by abiotic factors that
create understory microclimates within tree canopies, biotic factors that influence juvenile tree
access to moisture and light resources, and stress tolerance of different types of coniferous trees
at the species and population level (Kolb and Robberecht, 1996; Delucia et al., 2000). Juvenile
conifers, including ponderosa pines, have shown increased survival in microsites sheltered from the
sun (Keyes et al., 2009; Gray and Spies, 1997; Helgerson et al., 1982), which increases soil moisture
availability compared to unsheltered microsites (Keyes et al., 2009; Legras et al., 2010). However,
Puhlick et al. (2012) found that canopy cover did not have a significant effect on overall seedling
density, and Pirtel et al. (in preparation) observed that ponderosa pine juveniles in unsheltered mi-
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crosites grew taller than those in sheltered microsites. These studies illustrate existing uncertainty
associated with the microclimate conditions that support and limit juvenile tree survival. Adapta-
tion among subpopulations of ponderosa pine across western North America suggests that juveniles
may also differ in their ability to upregulate photosynthesis following rainfall pulses, and minimize
water losses to evaporation (Cregg, 1994). The interaction of abiotic and biotic factors influencing
stress, from individual responses to microsite favorability to population level adaptation, may have
an important role in shaping the impact of seasonal dry periods.
Increasing mortality of juvenile ponderosa pines during moderate periods of warm temperatures and
near-surface moisture deficit may potentially impose an important restriction on the regeneration-
associated persistence of ponderosa pine forests in Colorado and across the western United States.
These periods are characterized by relatively small and infrequent rainfall events, low plant avail-
able soil moisture in upper soil layers, and induced stress to juvenile trees. There is pressing need
to elucidate the precipitation patterns, microenvironmental conditions, and population level re-
sponses that are associated with juvenile tree survival and mortality during these periods. We
conducted a manipulative field experiment to ascertain how variation in the frequency and mag-
nitude of small rainfall events during a 45-day moderate dry period influenced the responses and
survival of 3 populations of year-old ponderosa pines in high and low canopy cover microsites. Our
primary objective was to determine if, to what degree, and under which canopy cover conditions
juvenile ponderosa pines are able to use moisture from small rainfall events to survive moderate
dry periods. Our objectives were to: a) characterize the abiotic properties of shaded and unshaded
microenvironments during moderate dry periods; b) evaluate the impact of small rainfall events on
near-surface soil moisture that can be utilized by juvenile conifers; c) quantify how juvenile tree
utilization of small rainfall events as transpiration differed across rainfall treatments; and d) to
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attribute juvenile ponderosa pine stress and mortality during moderate dry periods to soil mois-
ture availability imparted by differences in microenvironment and precipitation. We hypothesized
that tree functioning and survival would be highest for groups of juveniles receiving larger rainfall
pulses, and that juvenile tree survival would be higher across all precipitation treatments in shaded
compared to unshaded microenvironments.
3.2 Site Description
The Colorado Front Range along the eastern edge of the southern Rocky Mountains supports mon-
tane ponderosa pine-dominated forests, many of which are part of government managed parks and
recreation areas. The historic condition of these forests has been open woodland, with scattered
trees and open, grass-dominated understories (Veblen and Lorenz, 1991). These forests experienced
extensive logging from the 1860s to the 1960s, after which cutting remained relatively low (Veblen
and Lorenz, 1991). The Front Range experiences moderate warm and dry periods in the spring
following snowmelt depletion and the late summer after the monsoon rains (Figure 2.1; (Notaro
et al., 2010; Stein and Kimberling, 2003)). It also houses distinct populations (Figure 3.1) and
haplotypes (Potter et al., 2013) of ponderosa pine.
We conducted our study at the USDA Forest Service Manitou Experimental Forest in the Colorado
Front Range (Figure 3.1). This forest has been managed by the United States Forest Service since
1936 as a site to study range management, human-assisted revegetation, and watershed manage-
ment (Love and Johnson, 1952). Our experimental site was located in a ponderosa pine forest and
nearby meadow opening at an elevation of 2383 m (39.101103 N, 105.105259 W). Seedling rooting













































Figure 3.1: Map of our seed source locations (AR: Arapaho-Roosevelt National Forests, PS: Pike
& San Isabel National Forests, and SR: San Juan-Rio Grande National Forests) and study site
(Manitou Experimental Forest) in Colorado (Panel a) and boxplots of monthly precipitation totals
at the Manitou Experimental Forest from 1950 to 2018 (Panel b). Mean monthly precipitation
is indicated in Panel b, and months used to calculate precipitation treatments for this study are
highlighted.
nile ponderosa pine trees present in the partially shaded areas indicated that the site was suitable
for regeneration. Mean monthly high temperatures range from 6.7◦C (January) to 26.8◦C (July).
Mean monthly precipitation totals range from 8.4 mm (January) to 71.1 mm (July), with a mean
annual precipitation total of 375.1 mm (Figure 3.1). Nearly half of annual precipitation falls during
the summer (June to August), in many cases associated with the North American Monsoon System.
3.3 Methods
Experimental design and implementation
We obtained 290 ponderosa pine juveniles grown from seed an outdoor facility at the USDA Forest
Service Charles E. Bessey Tree Nursury in Halsey, Nebraska, USA in 2019-2020. Seed were sourced
from 3 Colorado subpopulations: Arapaho-Roosevelt National Forests (AR; 102 individuals), Pike
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Table 3.1: Environmental characteristics of the experimental site and seed source locations


















2195 15.6 479.5 24.6




2316 14.2 535.0 23.1




2195 15.0 517.0 24.3
Mean annual maximum temperature [MAT: ◦C] and mean annual precipitation [MAP: mm] were calculated from 40
years of data (1978-2018) from an onsite weather station for the Manitou Experimental Forest, and were estimated
from PRISM climate estimates for seed source locations (PRISM Climate Group at Oregon State University, 2004).
and San Isabel National Forests (PS; 102 individuals), and San Juan-Rio Grande National Forests
(SR; 86 individuals; Table 3.1, Figure 3.1). Trees from each subpopulation were distributed evenly
across experimental treatments. Upon the initiation of our experiment in August, 2020, trees
were 10 months old, which corresponds to juvenile tree age entering their first full summer follow-
ing previous-year germination. During a 45-day period in August-October, 2020, we employed a
fully-crossed experimental manipulation of precipitation timing · precipitation magnitude between
paritally shaded and unshaded environmental microsites. The partially shaded microsite was lo-
cated within the forest canopy in an area with existing ponderosa pine germination (47% canopy
cover), whereas the unshaded microsite was in an open, grass-dominated area with no overstory
and no existing ponderosa pine germination (1% canopy cover).
Precipitation treatments included no rain (NR), an average rainfall period constituted of only small
rainfall events constructed from a 45-day dry period in 2006 (Control: C), an average year with
+50% rainfall events (Timing: T), an average period with +50% rainfall event magnitude (Mag-
nitude: M), and an average period with +50% rainfall events and +50% rainfall event magnitude
(Timing & Magnitude: TM). There were 34 ponderosa pine individuals in each precipitation ·
microsite treatment with the exception of NR (9 trees in each microsite). Trees from each subpop-
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ulation were distributed event across treatments (12 AR, 12 PS, 10 SR).
Treatments were conducted under complete rain-out shelters, constructed using 90% transmission
SUNTUF panels to minimize microclimate impact. Fences were constructed around shelters to
prevent animal herbivory. Trees were located in 9 x 23 cm pots that enveloped the root profile
(ca. 3 x 20 cm). The pots were placed in back-filled holes to keep soil heating from occurring.
Gravelly sandy loam soil from the top 30 cm of the soil profile, excavated to create holes for the
pots, was mixed and used to fill the pots in order to homogenize soil characteristics and compaction.
Watering treatments were applied directly to each tree in the morning of each watering day. The
experiment was conducted from August 17 to September 30, 2020.
Determination of rainfall treatments
The timing and magnitude of each watering treatment was determined from daily precipitation
data from the Manitou meteorological station (1950-2018). Precipitation events of less than 3.56
mm day−1 during warm and dry months (May, June, September, October) did not significantly
reduce total precipitation in those months when removed from the precipitation record (paired t-
test, p<0.05). Rainfall events of this magnitude or lower constitute 91% of all daily rainfall events
in Manitou since 1950. Clouds present during a natural rainfall event were sometimes absent when
watering treatments were applied, so evaporation may have been amplified beyond what would be
present during a natural rainfall event. To account for this influence, we increased our average
small event from 3.56 mm to 4 mm for treatments with average rainfall magnitude (unpublished
data). Groups receiving 50% more water during simulated rainfall events thus received 6 mm of
water per event.
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Based on an average event frequency of 0.21 events per day, our treatments of average timing (C,
M) and +50% timing (T, TM) were 6 and 9 total events, respectively. However, this was modified
in the field to 4 and 6 rainfall events respectively after juveniles seemingly displayed total survival
under the planned watering regimen, so later events were removed to create a more severe drought
in the second half of the experiment. We replicated a realistic application of rainfall timing within a
45 day period by modeling our treatment timing after rainfall timing in a recorded 45-day moderate
dry period at our experimental site: May 1 through June 14 of 2006. This time period was chosen
as a natural analog of the watering pattern we hoped to induce – rainfall events more frequent at
the beginning of the 45 days and less frequent at the end.
Observation of water use
To assess seedling response to watering treatments, we made daily observations of needle browning
(recorded as percent needles browned), as well as transpiration on water days (assessed at 3, 6, 9, 24,
and 48 hours after small rainfall application for 4 trees in each treatment). Before the experiment,
the bottoms of the pots used for transpiration measurements were sealed to prevent any loss of
water or soil that would alter the pots’ weight. Following watering, the top of the pot was covered
with brown closed-cell foam to prevent evaporation, weighed, and replaced in the back-filled holes,
where pots stuck out slightly above the pit due to back-filled soil. Trees were weighed directly after
watering and 3, 6, 9, 24, and 48 hours after watering. The difference between the initial weight
after watering and and the pot’s later weight is a simple way to estimate juvenile transpiration.
The closed pots could not alter their weight by any means except by water gain or loss, and water
change in the closed pot could only occur through transpiration.
53
After the experimental period, relative water loss, a measure of conduit water loss that relates to
stress and mortality in conifers, was calculated using a modified methodology based on that of
Hietz et al. (2008). We removed needles from all juveniles and cut them at the root crown. The
terminal buds were severed and the base of the cutting was de-barked. The cutting was weighed to
find its fresh weight (FW) and then submerged in purified water containing 0.005% (v/v) Micropur
(Katadyn Produkte AG, Wallisellen, Switzerland) to prevent microbial growth. Submerged cuttings
were subjected to partial vacuum (ca. 10-25 kPa) until they sunk (ca. 24 hours). Each cutting
was removed from the water, blotted dry, and weighed to find its saturated weight (SW). Cuttings
were then dried for three days at 30◦C and weighed again to find their dry weight (DW). Relative
water loss (RWL) could then be calculated according to Hietz et al. (2008):
RWL(%) = (1 − FW −DW
SW −DW
) · 100 (3.1)
We then used the robust relationship established between relative water loss and hydraulic conduc-
tivity loss by Rosner et al. (2019) to determine the estimated mortality of our juveniles. (Rosner
et al., 2019) used the methods similar to ours and those of Hietz et al. (2008) to find relative
water loss after measuring sapwood area hydraulic conductivity under a hydraulic pressure head.
By relating the various measurements with a quadratic equation, Rosner et al. (2019) were able
to establish a very robust relationship (R2 = 0.99) between relative water loss measurements and
hydraulic conductivity for juvenile ponderosa pine trunks. By comparing their analysis to the rela-
tionship of p50 and p88 values to loss of conductivity given by (Pammenter and Van der Willigen,
1998) (R2 = 0.99, p<0.0001), Rosner et al. (2019) were able to present the range of relative water
loss that corresponded to the p50 and p88 of juvenile ponderosa pine. These robust relationships
allowed us to use relative water loss measurements to estimate juvenile mortality.
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Observation of climate and microclimate characteristics
Air temperature [◦C] and relative humidity [%] were measured under solar radiation shields one
meter above the ground within the shaded and unshaded microsites using an air temperature and
relative humidity sensor (1 sensor in each site; Campbell Scientific EE-181, Campbell Scientific,
Logan, UT, USA). Photosynthetically active radiation [average PAR density; µmol s−1 m−2] was
measured one meter above the ground by a quantum sensor (1 sensor in each site; Campbell Sci-
entific CS-310, Apogee Instruments, Logan, UT, USA). Solar radiation [W m−2] was measured
two meters above the ground by a digital thermopile pyranometer (Campbell Scientific CS-320,
Campbell Scientific, Logan, UT, USA) and wind speed and direction were measured two meters
above the ground by a wind monitor (Campbell Scientific 05103, R.M. Young, Traverse City, MI,
USA) at the unsheltered site.
The canopy temperature [◦C] of each microsite-treatment group (excluding treatment NR) was
monitored with infrared radiometers (Campbell Scientific SI-111SS, Apogee Instruments, Logan,
UT, USA) positioned above each group to measure the center two-thirds of the canopy. Soil
moisture [mm3 mm−3] at 5 cm and 12 cm was measured in two pots in each microsite-treatment
group and one pot each for shaded and unshaded NR (36 pots total) using soil moisture probes
(TEROS-10, METER Group, Pullman, WA, USA) inserted through the side of the pot centered
on 5 cm and 12 cm from the soil surface. The edges of the soil moisture probes were sealed to the
side of the pot to prevent water leakage. Soil surface temperature [◦C] was measured for one pot
in each microsite-treatment group (10 pots total) using temperature probes (Campbell Scientific
T-109, Campbell Scientific, Logan, UT, USA) inserted into the top 5 cm of soil.
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Statistical Analysis
Significant differences between treatment groups, microsites, and subpopulations were found using
ANOVA and Tukey’s honest significant difference tests. All analyses were conducted in R (R Core
Team, 2019).
We used linear regression to determine significant environmental and treatment history effects
on measured transpiration. We tested the effects of 5 and 12 cm VWC (estimated from trees
equipped with sensors in the same microsite-treatment group), VPD, PAR, canopy temperature,
soil temperature (Tsoil; estimated from trees equipped with sensors in the same microsite-treatment
group), microsite, treatment group, and subpopulation on 24-hr accumulated transpiration on
watering days, measured as grams water transpired and scaled by leaf area [g·mm−2]. We tested
these variables in two types of models: direct effects only (VWC at both depths, PAR, canopy and
soil temperature) and direct and treatment history effects (selected direct model with treatment
group added). Direct effects indicate juvenile transpiration response to climatic pressures, while
treatment history effects allude to tree health effects on the transpiration response and how this may
affect their ability to respond to direct climatic pressures. We tested the effects of these variables
over different experimental subunits: all trees across 45 days, shaded and unshaded microsites
across 45 days, and shaded and unshaded microsites during the beginning (days 3-8) and middle
(days 13-30) of our experiment. To select significant model terms, we first removed collinear terms,
then used the function dredge from R package MuMIn (Barton, 2020) to perform AIC analysis on
all combinations of each full model. From the AIC analysis, we chose the model within 3 AIC units
of the top model with the fewest number of explanatory variables.
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3.4 Results
Environmental differences between microsites
Shaded and unshaded microsites had different environmental conditions over the course of the
experiment. Unshaded sites experienced higher average daytime PAR and soil temperatures com-
pared to shaded sites (Figure 3.2b,d). Average daytime air temperature and VPD did not vary
significantly between microsites (Figure 3.2a,c). Unshaded treatment groups had higher daytime
canopy temperatures, whereas shaded treatment groups had higher nighttime canopy temperatures
overall (Table 3.2). Unshaded microsites had higher soil moisture at both depths earlier in the
experiment (days 1-12), but shaded microsites had significantly higher soil moisture on days 13-45
(p<0.05; Table 3.2).
Soil water dynamics
Volumetric soil moisture declined in all groups during the experiment (Figure 3.3). Soil moisture
at 5 cm increased with small watering treatments, but soil water at 12 cm only increased with
watering treatments applied to trees receiving TM watering treatments. Consequentially, overall
soil moisture at 5 cm decreased faster than soil moisture at 12 cm, with average soil moisture at
5 cm reaching 0.05 by day 23 while soil moisture at 12 cm does not reach an average of 0.05 until
day 37 (Figure 3.3). Unshaded sites ended the experiment with less soil moisture than shaded sites
and thus the dry period in unshaded sites was more severe (Figure 3.3, Table 3.2). Soil moisture
levels in each treatment · microsite group were generally distinct from all others, so no two groups
























































Figure 3.2: Daytime (8 AM–8 PM) air temperature [Ta: ◦C; Panel a], soil temperature [Ts: ◦C;
Panel b], vapor pressure deficit [VPD: kPa; Panel c], and photosynthetically active radiation density
[PAR: µmol s−1m−2; Panel d] between partially shaded (S: 47% canopy cover) and unshaded (U:
1% canopy cover) microsites. Stars indicate statistically significant differences determined through
t-tests (p<0.05).
Juvenile functioning
Juveniles transpired after 4-6 mm small watering treatments were applied (Figure 3.4a). Tran-
spiration declined throughout the experiment; notably, cumlative transpiration in days 13-30 was
already similar to transpiration on day 45 (Figure 3.4b,d). Trees receiving treatment TM had
slightly elevated transpiration compared to trees in other treatment groups (Figure 3.4b). Un-
shaded trees, which were exposed to higher levels of photosynthetically active radiation, transpired




















































































Figure 3.3: Timeseries of volumetric soil water content [VWC: m3m−3] from Day 1 through Day
45 of the experiment (8/15/2020 - 9/30/2020) by treatment (NR: no rain, C: control (4 events; 4
mm per event), M: +50% magnitude (4 events; 6 mm per event), T: +50% timing (6 events; 4 mm
per event), and TM: +50% timing and magnitude (6 events; 6 mm per event); Panels a and b),
microsite (shaded: S and unshaded: U; Panels c and d), and soil depth (5 cm: panels a and c; 12
cm: panels b and d). Lines indicate daily mean VWC and shaded areas indicate the daily range of
recorded VWC. Arrows indicate watering treatment days, with solid arrows indicating a day when




Table 3.2: Abiotic characteristics of treatment groups (NR: no rain, C: control, M: +50% magnitude, T: +50% timing, TM: +50% timing








































Shaded 0.12 ↓ 0.14 ↓ 0.05 ↑ 0.07 ↑ 18.95* 17.38** 19.53** 5.54* 354** 1.76*
NR 0 0 0.12h 0.15c 0.02v 0.05qr 17.12f
C 4 16 0.10j 0.15d 0.03t 0.07m 19.67e 20.67c 6.06a
M 4 24 0.10k 0.10j 0.05qr 0.06p 17.30f 19.26d 5.43ab
T 6 24 0.12i 0.13f 0.06p 0.06m 16.89fg 19.81d 5.61a
TM 6 36 0.15d 0.16b 0.06p 0.09l 16.49g 19.24d 5.75a
Unshaded 0.12 ↑ 0.14 ↑ 0.04 ↓ 0.06 ↓ 19.26* 21.94* 22.84* 4.11** 741* 1.80*
NR 0 0 0.11i 0.17a 0.01v 0.06n 21.10cd
C 4 16 0.10j 0.12gh 0.03t 0.05rs 20.71d 23.50a 4.65bc
M 4 24 0.12gh 0.15c 0.04s 0.06o 23.27b 23.61a 4.05c
T 6 24 0.11i 0.15d 0.02u 0.06p 21.37c 22.50b 4.41c
TM 6 36 0.14e 0.13g 0.05q 0.06p 23.95a 22.89ab 4.06c
Soil moisture (θ̄) is organized between 5 cm and 12 cm depths and periods of treatment days before (days 1-12) and after (13-45) the first rainfall gap when soil
moisture began to be depleted (see Figure 3.4). All shelter · treatment period measurements were significantly different; arrows indicate which group was
significantly higher or lower in each column. 8 AM to 8 PM were used as approximate daytime hours. Nighttime canopy temperature is reported as canopy
temperature from 4 AM to 6 AM, the coolest time of the night. Significant differences found using Tukey’s honest significant differences (p<0.05).
more than shaded trees later in the experiment (Figure 3.4c). All subpopulations had similar levels
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Figure 3.4: Cumulative transpiration [T: g] averaged over 3-24 hour time periods (Panel a) following
water addition treatments, and cumulative 24-hr transpiration following water addition treatments
compared across successively drier periods within the 45-day experiment for water addition treat-
ments (Panel b), shaded (S) and unshaded (U) microsites (Panel c), and ponderosa pine subpopu-
lations (Panel d). Letters indicate statistically significant groupings within each panel, determined
by ANOVA and Tukey’s honest significant differences (p<0.05).
Influences on transpiration, found by linear regression, were different based on microsite group and
time period. The model of all transpiration and transpiration in shaded sites over the 45 days
shows that 5 cm VWC and VPD were significant environmental influences on T and the addition
of treatment history added some explanatory power (R2 increase of 0.044; Tables 3.5, 3.6). Tran-
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Table 3.3: Biotic functioning and responses of treatment groups (NR: no rain, C: control, M: +50%
event magnitude, T: +50% timing, TM: +50% timing and magnitude) in shaded (47% canopy
cover) and unshaded (1% canopy cover) microsites.
Needle Browning [avg %] 24-hr T [g]








Shaded 5.42*** 11.97** 14.27** 6.02*** 1.45**** 53.6* 1
NR 7.78bc 17.22ab - - - 69.5a 0
C 5.15bc 12.06ab 10.43bc 5.37cd 1.03d 62.9a 0
M 6.47bc 12.79ab 16.67a 6.30cd 1.07d 47.0c 0
T 6.32bc 12.50ab 16.37a 5.13d 1.20d 48.9bc 0
TM 2.35c 9.12bc 13.03ab 7.07cd 2.49d 51.6bc 1
Unshaded 7.69*** 16.21* 16.71* 6.45*** 1.79**** 55.3* 2
NR 6.67bc 24.44a - - - 71.9a 0
C 7.79bc 16.62ab 17.79a 5.16cd 1.23d 64.2a 0
M 8.53bc 14.71ab 16.95a 6.92cd 1.45d 55.2b 1
T 9.12bc 16.32ab 15.29ab 6.02cd 1.85d 49.0bc 1
TM 5.59bc 15.00ab 17.35a 7.41cd 2.63d 48.6bc 0
Letters indicate statistically significant groupings within the 10 shelter-treatment subgroups, and stars indicate
statistically significant groupings between microsites, determined by ANOVA and Tukey’s honest significant
differences (p<0.05).
Table 3.4: Biotic functioning and responses of pondersoa pine subpopulations (AR: Arapaho-
Roosevelt National Forests, PS: Pike & San Isabel National Forests, SR: San Juan-Rio Grande
National Forests) in shaded (47% canopy cover) and unshaded (1% canopy cover) microsites.
Needle Browning [avg %] 24-hr T [g]





Shaded 5.42*** 11.97** 14.27** 6.02*** 1.45**** 53.6* 1
AR 3.33f 10.10cd 13.75a 5.83b 1.30b 52.1b 1
PS 1.76f 9.22cde 14.61a 6.07b 1.49b 53.1ab 0
SR 12.17bc 17.44ab 14.47a 6.17b 1.51b 56.0ab 0
Unshaded 7.69*** 16.21* 16.71* 6.45*** 1.79**** 55.3* 2
AR 5.10def 13.33bc 15.65a 6.15b 1.71b 54.2ab 0
PS 4.12ef 13.14bc 16.82a 6.17b 1.82b 53.3ab 2
SR 15.00bc 23.26a 17.71a 7.20b 1.84b 59.1a 0
Letters indicate statistically significant groupings within the 10 shelter-population subgroups while stars indicate
statistically significant groupings between microsites, determined by ANOVA and Tukey’s honest significant
differences (p<0.05).
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Table 3.5: Factors influencing 24-hr cumulative transpiration [T in grams of water transpired out
over a 24-hr period following watering; g·mm−2] following water addition treatments for all trees
over the entire experiment, determined through multimodel analysis.
All trees (n=178)
Mechanistic Mechanistic + Treatment
Variable Coeffcient SE R2 Variable Coefficient SE R2
Intercept -0.0235** 0.0084 0.608 Intercept -0.0432*** 0.0092 0.652
5 cm VWC 0.741*** 0.0513 5 cm VWC 0.718*** 0.0092
VPD 0.0329*** 0.00609 VPD 0.0326*** 0.0499
Treatment M -0.0235*** 0.00805
Treatment T 0.0361*** 0.00746
Treatment TM 0.0269*** 0.00762
Mechanistic results include abiotic variables only, whereas Mechanistic + Treatment results include treatment
groups as additional explanatory variables. Effects of the control treatment C in the Mechanistic + Treatment
model are included in the intercept.
spiration at unshaded sites was more influenced by 12 cm VWC than 5 cm VWC (Table 3.7). In
contrast, models of early experiment transpiration include environmental measures of temperature
or dryness as significant influences, while late experiment models did not, and instead rely on treat-
ment history for explanatory power (Tables 3.6, 3.7).
These results are complemented by an analysis of the difference between canopy temperature and
air temperature, another measure of juvenile functioning or stress. Early in the experiment (days
1-10), temperature difference dynamics were distinct from temperature dynamics later in the ex-
periment (Figure 3.5). Temperature differences dropped on or after watering days. On day 30,
treatment C no longer had a drop in temperature difference in either microsite. We are cautious to
draw many more conclusions from this analysis, as temperatures dropping over the course of the
experiment are a confounding factor in this analysis.
Stress dynamics
Tree stress during the experiment was assessed through needle browning and the final stress state
of the juvenile trees was determined through relative water loss. Treatment groups NR and C
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Table 3.6: Factors influencing 24-hr cumulative transpiration [T; g·mm−2] following water addition
treatments for shaded trees over the entire experiment and during experimental subunit periods
(Days 3-8, 13-30).
Shaded (n=89)
Mechanistic Mechanistic + Treatment
Variable Coeffcient SE R2 Variable Coefficient SE R2
Intercept -0.0333** 0.0123 0.565 Intercept -0.0565*** 0.0136 0.607
5 cm VWC 0.732*** 0.0813 5 cm VWC 0.668*** 0.08
VPD 0.0346*** 0.00851 VPD 0.0377*** 0.0813
Treatment M 0.0344** 0.0116
Treatment T 0.0262* 0.0108
Treatment TM 0.0359** 0.0111
Shaded, Days 3-8 (n=39)
Mechanistic Mechanistic + Treatment
Variable Coeffcient SE R2 Variable Coefficient SE R2
Intercept 1.63*** 0.302 0.387 Intercept 0.0637*** 0.0112 0.472
Tsoil -0.0898*** 0.018 Treatment M 0.08*** 0.0159
Treatment T 0.0749*** 0.0145
Treatment TM 0.0751*** 0.0147
Shaded, Days 13-30 (n=38)
Mechanistic Mechanistic + Treatment
Variable Coeffcient SE R2 Variable Coefficient SE R2
Intercept 0.0559*** 0.00524 0 Intercept 0.0337** 0.0116 0.233
Treatment M 0.0213 0.0153
Treatment T 0.0104 0.0142
Treatment TM 0.0459** 0.0142
Mechanistic results include abiotic variables only, whereas Mechanistic + Treatment results include treatment
groups as additional explanatory variables. Effects of the control treatment C in the Mechanistic + Treatment
model are included in the intercept.
Table 3.7: Factors influencing 24-hr cumulative transpiration [T; g·mm−2] following water addition
treatments for unshaded trees over the entire experiment and during experimental subunit periods
(Days 3-8, 13-30).
Unshaded (n=89)
Mechanistic Mechanistic + Treatment
Variable Coeffcient SE R2 Variable Coefficient SE R2
Intercept -0.0357** 0.0106 0.731 Intercept -0.0484*** 0.0101 0.804
12 cm VWC 0.982*** 0.07 12 cm VWC 0.986*** 0.0608
VPD 0.0247*** 0.00763 VPD 0.0214** 0.00655
Treatment M -0.00679 0.00892
Treatment T 0.0275* 0.00835
Treatment TM 0.0325*** 0.00816
Unshaded, Days 3-8 (n=39)
Mechanistic Mechanistic + Treatment
Variable Coeffcient SE R2 Variable Coefficient SE R2
Intercept -1.04*** 0.26 0.345 Intercept -1.04*** 0.26 0.345
VPD 0.878*** 0.192 VPD 0.878*** 0.192
Treatment not significant
Unshaded, Days 13-30 (n=38)
Mechanistic Mechanistic + Treatment
Variable Coeffcient SE R2 Variable Coefficient SE R2
Intercept 0.0609*** 0.00499 0 Intercept 0.0325** 0.00954 0.231
Treatment M 0.0221 0.0135
Treatment T 0.0416** 0.0128
Treatment TM 0.0405** 0.0123
Mechanistic results include abiotic variables only, whereas Mechanistic + Treatment results include treatment
groups as additional explanatory variables. Effects of the control treatment C in the Mechanistic + Treatment
















































Figure 3.5: Daily means of the daytime (8 AM–8 PM) difference between canopy temperature and
air temperature across treatment groups for shaded (Panel a) and unshaded (Panel b) microsites.
Dashed lines indicated watering days. Shading illustrates ± 1 standard deviation about daily mean
values. Dramatic contraction of standard deviations occurred on two days when temperatures
dropped suddenly (air temperature drop of >15◦C in one day). Treatment M in the unshaded site
was removed because the sensor did not work properly.
had a higher percentage of relative water loss than all other treatment groups (Figure 3.6a). Sub-
populations had statistically similar amounts of relative water loss (Figure 3.6b) even though sub-
population SR had higher rates of needle browning compared to subpopulations AR and PS in
each microsite (Figure 3.6d). Average needle browning at the end of the experiment was higher in
unshaded sites (Table 3.3), and the San Juan-Rio Grande subpopulation had significantly higher
needle browning compared to the other two subpopulations (Figure 3.6d, Table 3.4, Figure 3.8c).
Rosner et al. (2019) report that juvenile ponderosa stems lose 50% of conductivity at a relative
water loss of 30.13%. Only 3 individuals had a relative water loss value less than this (Figure 3.7a,














































































































Figure 3.6: Relative water loss [% xylem conduits cavitated] among treatment groups in shaded and
unshaded microsites (Panel a), relative water loss among subpopulations in shaded and unshaded
microsites (Panel b), needles browned on the last experiment day among treatment-microsite groups
(Panel c), and needles browned among subpopulation-microsite groups (Panel d). The p50 and p88
in panels a and b refer to 50% and 88% loss of conductivity, respectively, estimated through relative
water loss (Rosner et al., 2019). Letters indicate statistically significant groupings in each panel,
determined by ANOVA and Tukey’s honest significant differences (p<0.05).
after our simulated dry period (Figure 3.7). When using the p88, survival estimates rise for trees
with higher rainfall totals, but projected survival remains low at 3% for control trees and 0% for





























































Figure 3.7: Estimated juvenile tree survival based on the number of trees in each group with relative
water loss over the p50 (RWL ≤ 30.13%; Panel a) and the p88 (RWL ≤ 44.24%; Panel b), based on
estimates from Rosner et al. (2019). Green bars and percentages illustrate the number or percent
of trees in each group predicted to survive at the end of the experiment, and red bars illustrate the
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Figure 3.8: Daily estimates of average tree needle browning over the 45-day experiment among
treatment groups (Panel a), shaded (S) and unshaded (U) microsites (Panel b), and ponderosa pine
subpopulations (Panel c). Shading illustrates ± 1 standard deviation about daily mean values.
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3.5 Discussion
Small rainfall events and moderate dry period survival
We hypothesized greater juvenile functioning and survival with larger rainfall pulses and in shaded
microsites. We observed widespread juvenile mortality across all rainfall treatments and microsites,
though treatment groups with larger rainfall totals had slightly lower water loss and higher tran-
spiration. The widespread stress and mortality inducing effects of a moderate dry period composed
solely of small rainfall events were greater than we hypothesized.
Beyond the widespread mortality estimated at the end of the experiment, we observed a thresh-
old of juvenile functioning after about 13 days. Transpiration levels were much lower, with mean
transpiration in 24 hours dropping from 18 g (day 4) to just 3 g (day 14). Additionally, tree transpi-
ration responded to external climate conditions, but by day 13, transpiration was only associated
with individual water status. This suggests that juvenile function decline, and perhaps initiation
of mortality, can occur as early as 2 weeks after the initiation of a moderate dry period.
Moderate dry periods as a climate change press
The changing climate is expected to induce drier conditions and earlier snowpack loss across the
southwestern US (Gao et al., 2014; Cayan et al., 2010), leading to the possibility for years of pro-
gressively more severe moderate dry periods. Unlike ”pulse” disturbances of severe drought or
wildfire, drier and more stressful seasonal dry periods are a ”press” condition that is not readily
alleviated, as it is a shift in average conditions rather than an extreme deviation from average.
Additionally, the state of the dry period ”press” condition can lead to a greater impact of ”pulse”
disturbances on an already stressed ecosystem (Harris et al., 2018). Our results indicate that a
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shift in average conditions from a current moderate dry period (Treatment TM) to a more severe
moderate dry period (Treatment C) has the capability of shifting juvenile mortality from 75-95%
to 95-100%. Altered moderate dry periods under climate change have the unique potential to cause
near total mortality of regeneration pulses absent of ”pulse” disturbances that have caused total
regeneration suppression as well (Allen and Breshears, 1998; Stevens-Rumann et al., 2018).
There is dendrochronological evidence of small numbers of juvenile trees and ponderosa pine forests
as a whole surviving through more severe and long-term dry conditions than those imposed by our
experiment, such as the 1580s megadrought (Brown and Wu, 2005). Thus, our results do not point
to total loss of ponderosa pine forests in the Western United States. However, we do postulate that
more stressful moderate dry periods have the potential to limit regeneration more than at present
which will induce range contractions of ponderosa pine forests. Range shifts and contractions of
ponderosa pine are predicted by many other studies (see Bell et al. (2014a); Minott and Kolb (2020);
Rehfeldt et al. (2014) for examples), and while forests will not be wholly lost, range contractions
still result in a loss of ecosystem services such as carbon sequestration, soils management, air and
water quality, and recreation (Lee et al., 2015).
Stress-inducing abiotic factors associated with moderate dry periods
While broad climate patterns drive juvenile mortality, microclimates within the forest understory
are also highly influential on juvenile survival or mortality. A number of studies observe greater
natural regeneration success in microsites shaded by trees or shrubs (Helgerson et al., 1982; Keyes
et al., 2009; Shepperd et al., 2006). Kolb et al. (2020) observe a happy medium where juvenile
regeneration is lowest in forest clearings and dense tree stands and highest at low to moderate
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density stands. However, Stein and Kimberling (2003) observed no difference in desiccation-related
mortality under varying overstory covers. Our results agree more with those of Stein and Kimber-
ling (2003) in that we observed widespread mortality in both shaded and unshaded microclimates.
Our microsites had similar air temperature and VPD throughout the experiment, likely caused
by wind and air mixing. We would expect that shaded microclimates across the West experience
different levels of air mixing and similarity to unshaded microclimates, offering various levels of
suitability for juvenile ponderosa pine survival.
Biotic stress levels and indicators
Long term studies of juvenile ponderosa pine survival and mortality use measures of actual mor-
tality as measured by 90-100% brown needles (for examples, see Rother et al. (2015) and Adams
et al. (2017)), but in our shorter dry period, this visual cue was never achieved. However, through
our relative water loss analysis, we found that most juveniles had experienced hydraulic failure that
would lead to mortality. Our findings corroborate Adams et al. (2017) and Hammond et al. (2019),
who report that the time to observable mortality (90% brown needles) is 10-20 weeks (Adams et al.,
2017) and that a juvenile conifer with 100% brown needles has already been dead for some time
(Hammond et al., 2019). These observations point to the dichotomy between fine temporal scales
of tree stress and mortality and the coarser scale of mortality observation. This suggests a need for
more fine scale and immediate measures of juvenile tree stress. One possibility is spectral imaging.
Several studies conclude that airborne canopy imaging is a poor indicator of overall canopy stress
in conifer forests (Pierce et al., 1990; Riggs and Running, 1991), though others show moderate to
weak correlations between pinyon pine-juniper water stress and various spectral measures (Grulke
et al., 2020). The possibility of using spectral analysis to quantify fine scale juvenile conifer stress
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and mortality has yet to be examined.
Transpiration is perhaps a better indicator of fine scale tree stress and functioning than observable
mortality, as it is an immediate measure of juvenile functioning. Quite early in the moderate dry
period, we observed a shift in transpiration dynamics that helps to identify when stress was real-
ized in the juvenile trees. After two weeks of dry conditions and small watering events, cumulative
transpiration dropped significantly and transpiration controls shifted from climate and soil mois-
ture influences to solely soil moisture influence. These transpiration results were supported by our
analysis of canopy temperature. After day 10, temperature dynamics shift so that juveniles are
no longer altering the canopy boundary layer and the difference between the canopy temperature
and air temperature rises. Juveniles were able to use watering treatments to lower their canopy
temperatures relative to air temperature, but on day 30, treatment C can no longer so so, likely
indicating that widespread mortality had already occurred among C trees. While juvenile trees
were able to use small rainfall events to transpire and lower their canopy temperatures, especially
at the beginning of the moderate dry period, they could not survive solely on small events for long
periods of time.
Ponderosa pine seedlings from populations across the western United States have different drought
tolerances (Cregg, 1994), but studies of fine scale ponderosa pine populations found no significant
differences in drought survival, attributed to high gene flow (Kolb et al., 2016; Lesser et al., 2010).
We found that our three Colorado subpopulations did not generally display different functioning
or mortaltiy during and after the simulated dry period. Rehfeldt et al. (2014) found that the pri-
mary agent of selection in Western ponderosa pine genetic variation was winter cold rather than
summer heat stress. Therefore, we might expect to see little difference in population response to
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moderate dry periods as they are not thought to be a main driver of genetic variation. However,
Cregg (1994) found diverging drought tolerances of ponderosa seedlings for populations across the
western United States. Our subpopulations were located in the transition zone of the two domi-
nant Pinus ponderosa var. scopulorum haplotypes (Potter et al., 2013). Nevertheless, we did not
observe divergent survival or transpiration among the three Colorado subpopulations, alluding to
the possibility that the scale of genetic differentiation in the Colorado Front Range is lower than
the scale of genetic variation across the larger region of the western US.
3.6 Conclusions
In this study, we experimentally manipulated watering treatments given to year-old ponderosa
pines to simulate small rainfall events during a moderate dry period in the Colorado Front Range.
Trees received variable treatments ranging from 16-36 total mm in events of 4-6 mm in shaded and
unshaded microsites. We hypothesized that trees receiving more water and shaded by canopy cover
would show enhanced cohort survival. However, we found that moderate dry periods composed
solely of small rainfall events can initiate widespread mortality of juvenile trees in both shaded and
unshaded microenvironments. We observed a decline in functioning as early as day 13 out of the
45-day period and a shift from environmental control to past-current treatment control on func-
tioning. Even juveniles receiving the most water in our experiment reached 70% certain mortality,
though it was likely closer to 95%. Thus, mortality imposed by moderate dry periods is already a
significant restriction to regeneration success. Climate change impacts to soil moisture availability
– especially in reducing the residence time of soil moisture from larger events and thus lengthening
moderate dry periods – could impose meaningful change to widespread juvenile survival. Moder-
ate dry periods already impose conditions that can cause extensive mortality of year-old juvenile
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ponderosa pine, and have the potential to cause universal mortality of regenerating cohorts as the




Future water availability in semiarid forests and woodlands of the western United States will be a
major control of their geographic range and persistence. The region is predicted to become drier as
temperatures rise, evaporative demand increases, and winter precipitation decreases (Seager and
Vecchi, 2010). The future persistence of semiarid forests of the region is threatened by disturbances
such as drought and wildfire that are expected to increase (Cayan et al., 2010; Schoennagel et al.,
2007) and the decreasing likelihood for ideal climate conditions for regeneration (Petrie et al., 2017;
Andrus et al., 2018). However, the West is highly heterogeneous, in both abiotic characteristics
such as elevation and soil properties (Breshears et al., 2005; Koepke et al., 2010) and biotic char-
acteristics such as forest density and regeneration success (Kolb et al., 2020; Stein and Kimberling,
2003; Shepperd et al., 2006), generating uncertainty about the extent of future forest persistence.
In chapter 1, I decrease this uncertainty by identifying soil moisture patterns that occur in all
forests and woodlands of the West despite their heterogeneity. In chapter 2, I identify moderate
climate conditions that have the ability to limit regeneration.
Available soil moisture is an important limiting factor for tree survival in semiarid forests and wood-
lands in the West. A characterization of the connection between precipitation and soil moisture
across these geographically diverse ecosystems would allow scientists to identify how availability
of moisture changes through time. However, such a characterization is difficult to apply across all
semiarid forests and woodlands because these ecosystems are highly varied in ecosystem charac-
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teristics, such as elevation and soils, and climate characteristics (Breshears et al., 2005; Koepke
et al., 2010), such as winter snowpack and summer monsoon prevalence (Klos et al., 2014; Adams
and Comrie, 1997). I identified broad seasons of precipitation-soil moisture patterns that sharpen
understanding of moisture availability and deficit in forests and woodlands across the West. My
quantification of soil moisture-driven seasons allows for comparison of semiarid forest and woodland
moisture dynamics across the West despite regional and fine scale heterogeneity. Their soil moisture
seasons are modified by climate conditions; notably, seasons with average precipitation may have
soil moisture dynamics that operate similarly to soil moisture in prior wet and dry seasons. Soil
moisture seasons are a relatively simple way to compare ecosystem moisture dynamics across the
West and to connect present and future precipitation to plant available soil moisture.
The connection between soil moisture seasons and climate is particularly important when consider-
ing climate change impacts to semiarid forests and woodlands. Climate model predictions of rising
temperatures are robust, but changes in precipitation are less certain across the West (Bradford
et al., 2020) and thus the future of plant available soil moisture is even less certain. The connec-
tions I draw between climate and soil moisture can shed light on the future of soil moisture in
semiarid forests and woodlands despite the limited moisture prediction ability of climate models. I
found that dry winters result in earlier and longer summer moisture deficit seasons. Though overall
prediction of future precipitation is difficult, models generally agree that winter precipitation will
decrease (Seager and Vecchi, 2010). My results translate this to a future of earlier and longer sum-
mer moisture deficit periods and a potential for dry winter soil moisture dynamics to be carried to
later spring and summer seasons, suggesting sustained dry conditions if spring and summer seasons
receive average rainfall.
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One reason that soil moisture is so important to study is that juvenile conifers can only access
shallow soil moisture and are therefore vulnerable to water stress and desiccation. I identified a
summer season of moisture deficit that will occur earlier and last longer at lower elevations and per-
haps more so in the future due to winter precipitation declines. Since shallow soil moisture behaves
separately from deeper soil moisture (Koehn et al., 2021), juvenile trees are especially vulnerable to
water stress during these moisture deficit periods when they may only receive small rainfall inputs
(Loik et al., 2004). I found that juvenile ponderosa pines were vulnerable to cavitation during
even moderate periods of moisture deficit supplemented by small rainfall events. Juveniles largely
cannot survive a moderate dry period of 45 days, and their function and ability to regulate stress
through transpiration and canopy temperature modification declines after about 13 days. Moderate
dry periods have the capacity to cause widespread juvenile mortality.
Research on forest persistence in the semiarid West is often focused on the ability of large distur-
bances such as extreme droughts or wildfires to constrain forest range and persistence. However,
my research demonstrates that consistent, moderately stressful conditions also have the ability to
kill juvenile trees. Earlier and longer summer moisture deficits will lead to longer moderate dry
periods in semiarid forests across the West, especially higher elevation forests that currently expe-
rience a large influence of winter precipitation. Juveniles already experience widespread mortality
in conditions resembling present moderate dry periods. Longer and drier moderate dry periods in
the future will have the ability to limit regeneration by killing many juvenile trees. The future
range of semiarid forests will increasingly be dictated by their ability to regenerate as adult trees
die and forest gaps open that must be filled by regenerating trees. My results portend to a future
where regeneration success in semiarid forests is further limited by average climate conditions as
well as extreme disturbances.
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